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ABSTRACT 
  
The Effects of  Sorghum [Sorghum Bicolor (L.) Moench] Phenolic Compounds 
on Starch Digestibility of Porridges. (December 2008) 
Dilek Austin, B.Sc., Ankara University; 
M.Sc., Ankara University; 
 M.Sc., University of Nebraska-Lincoln 
Chair of Advisory Committee: Dr. Lloyd W. Rooney 
  
Two tannin sorghums, (high-tannin, black with tannin), high anthocyanin 
sorghum (black), and non-tannin sorghum (white) were used to investigate the effects of 
sorghum phenolic compounds on in vitro starch digestibility, estimated glycemic indices 
(EGI) and resistant starch contents (RS) of porridges. Sorghum varieties were chosen to 
have a wide range of total phenols (3-23 mg/g gallic acid) and tannin contents (0-34 mg 
catechin eq./g). Normal corn starch, enzyme resistant high amylose corn starch, and 
whole sorghum grains were cooked with the aqueous fraction of sorghum bran extracts 
obtained with 70% aqueous acetone. Endosperms of soft and hard sorghum varieties 
were mixed with sorghum brans and cooked into porridges with distilled water.  
Hi-tannin, black and black with tannin sorghum bran extracts significantly 
(p<0.05) decreased starch digestibility and estimated glycemic index (EGI) while they 
increased resistant starch (RS) contents of normal corn starch, enzyme resistant high 
amylose corn starch, and whole sorghum grain porridges. The highest reduction in starch 
digestibility of the porridges occurred with hi-tannin sorghum bran extracts, followed by 
black with tannin and black sorghum bran extracts. Double cooked corn starch 
porridges, which were cooked with these bran extracts had EGI values of 49-67 and RS 
contents of 9.1-57.7%. These RS values are higher than foods such as legumes, whole 
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pasta and whole grain cereals which are considered health foods with low EGI (36-71) 
and high RS contents (2.9-6.8). Only brans of condensed tannin-containing sorghum 
varieties (tannin, black with tannin sorghums) significantly (p<0.05) decreased starch 
digestibility, and EGI, and increased RS contents of the endosperm porridges.  When 
tannin sorghum bran extracts were cooked with zein added to corn starch porridges, 
starch digestibility of the porridges significantly (p<0.05) increased, while RS 
significantly (p<0.05) decreased because the zein reacted preferentially with the tannins. 
The cooking trials indicated that sorghums with tannins significantly reduced the 
activity of digestive enzymes, reduced EGI, and increased RS contents of porridges. 
Thus, specialty sorghum varieties have a potential to lower EGI and increase RS 
contents of starchy foods. Their aqueous bran extracts have potential use to reduce risk 
factors for type II diabetes and obesity. 
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CHAPTER I 
INTRODUCTION 
Sorghum bicolor (L.) Moench is the fifth most important cereal crop after wheat, 
rice, maize, and barley in terms of production (FAO 2005). Drought tolerant sorghum is 
a very important dietary component in many parts of Africa, Asia, and the semi-arid 
tropics worldwide (Serna-Saldivar and Rooney 1995).  
Some specialty sorghum varieties are less digestible than the other cereals 
(Rooney and Pflugfelder 1986). They also contain substantial levels of a wide variety of 
phenolic compounds, such as phenolic acids, anthocyanins, and condensed tannins. A 
previous study by De Castro Palomino Siller (2006) showed that tannin sorghum 
extrudates and porridges had reduced starch digestibility and EGI, and increased 
resistant starch (RS) values compared to corn extrudates and porridges. Among specialty 
sorghum varieties, tannin sorghum digestibility has been studied the most (Taylor et al 
2007, Oliveira et al 2007, De Castro Palomino Siller 2006, Mariscal-Landín et al 2004, 
Matuschek and Svanberg 2004, Nyamambi et al 2000); there is little published 
information about the other specialty sorghum varieties, such as anthocyanin-rich black 
sorghum.  
Because obesity and diabetes are among the most important medical problems in 
America today, investigation of starch digestibility, EGI, and RS in the presence of 
sorghum phenolics, specifically condensed tannins and anthocyanins, would be useful.  
Postprandial blood glucose changes can be used to categorize the Glycemic 
Index (GI). GI is a scale that ranks carbohydrate-rich foods by how much and how 
quickly they raise blood glucose levels compared to a standard food (glucose or white 
bread). GI can be estimated by in vitro rate and extent of starch digestibility, which is 
called Estimated Glycemic Index (EGI) (O'Dea and Holm 1985, Lund and Johnson 
1991). 1
                                                 
This dissertation follows the style and format of Cereal Chemistry. 
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Starch escapes from digestion in the small intestine (may be digested in the large 
intestine), does not cause a glycemic response This type of starch is called resistant 
starch (RS).  
Therefore, the objectives of this study were: 
• To characterize physical and chemical characteristics of the sorghum varieties 
with different amounts of phenolic compounds,  
• To determine the effects of these sorghum brans on starch digestibility of soft 
and hard sorghum endosperm porridges,  
• To investigate the effects of these sorghum bran extracts, which contains 
condensed tannins and anthocyanins, on starch digestibility, and EGI, and RS 
of corn starch, enzyme resistant high amylose corn starch and whole sorghum 
porridges.  
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CHAPTER II 
LITERATURE REVIEW 
Sorghum 
Sorghum is classified as sorghum, tannin sorghum, white sorghum, and mixed 
sorghum (FGIS-GIPSA 2006). Sorghum is most often consumed as porridge in many 
countries. Porridge preparation involves cooking the meal with boiling water; the 
process varies considerably depending on the type of porridge being produced (Bello et 
al 1990). 
Sorghum Kernel Structure 
The grain’s principal anatomical components are the pericarp (outer layer), testa 
or seed coat, the endosperm tissue and the germ (embryo and scutellum) (Rooney and 
Sullins 1973).  
Endosperm 
The endosperm tissue of sorghum, like other cereals, is composed of the aleurone 
layer, peripheral, corneous and floury areas. The aleurone is the outer layer of the 
endosperm and consists of a single layer of rectangular cells with thick cell walls 
(Rooney and Sullins 1973, Rooney and Miller 1982). The peripheral endosperm is 
extremely dense, hard, and resistant to water penetration, and digestion. Corneous (hard) 
endosperm has a continuous protein matrix that contains protein bodies dispersed 
throughout, with the starch physically surrounded by the protein. Floury (soft) 
endosperm in the center of the granule has a discontinuous protein matrix and few 
protein bodies (Ring et al 1988).  
Pericarp 
The pericarp of sorghum grain originates from the ovary wall and is divided into 
three layers, the epicarp, mesocarp, and endocarp, with a seed coat lying underneath. 
Unlike other cereals, the mesocarp of some sorghum varieties contains starch granules 
(Rooney and Waniska 2000). 
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The color of the sorghum pericarp appears to be due to a combination of 
primarily anthocyanin and anthocyanidin pigments and other flavonoid compounds in 
the pericarp (Hahn et al 1984). Some sorghum varieties have a pigmented seed coat 
(testa) that contains condensed tannins (Earp and Rooney 1986, Earp et al 2004).  
Sorghum Starch  
Sorghum Starch Digestibility  
 The starch granules of normal corn and sorghum are very similar in size (5-20 
µm), shape and composition. The major differences between corn and sorghum are the 
type and distribution of proteins surrounding the starch in the endosperm (Rooney and 
Waniska 2000).  
Sorghum starch is digestible and biologically equivalent to maize starch (Rooney 
and Riggs 1971, Hale 1973). Experience with livestock feeding (Riley 1984) and 
brewing (Goode and Arendt 2003) suggests that starch in whole sorghum grain may be 
slightly less digestible due to the hard peripheral endosperm layer limiting access to the 
interior (Rooney and Pflugfelder 1986, Hamaker and Bugusu 2003). Processing methods 
such as steam-flaking and reconstitution are effective in raising sorghum digestibility to 
that of corn by breaking open the kernels and exposing the interior (Rooney and 
Pflugfelder 1986). Previous in vitro studies by De Castro Palomino Siller (2006) 
indicated that condensed tannins in the tannin sorghum may have interfered with starch 
digestion after 60 min of incubation, because tannin sorghum porridges reached a steady 
state of starch digestion, while white sorghum porridges had a higher percentage of 
starch digested.   
Resistant Starch (RS) 
Starch that is not digested in the human small intestine and enters the large 
intestine is called RS (Englyst et al 1992). The presence of RS has been associated with 
the physical entrapment of starch within whole or partly milled grains or seeds (RS1), 
ungelatinized granules of B-type starches (RS2), and starch retrogradation during food 
processing (RS3) (Englyst et al 1992, Englyst and Cummings 1985, Tester  et al 2004, 
Gordon et al 1997).   
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Phenolic Compounds 
Phenolic compounds exist as free aglycones or as conjugates with sugars 
(Asquith et al 1987, Price and Butler 1977). In sorghum, the phenolic compounds are 
generally located in the outer layers of the kernel in the epicarp and testa layers (Awika 
and Rooney 2004, Earp et al 2004). Phenolic compounds in sorghum can be divided into 
three major categories: phenolic acids, flavonoids and condensed tannins (Hahn et al 
1984). All sorghums contain phenolic compounds, and the amount of phenolic 
compounds is influenced by both genotype and the environment (Dykes et al 2005).    
Condensed Tannins 
Condensed tannins are dimers, oligomers, and polymers of catechins that are 
bound together by links between C4 and C8 (or C6) (Hahn et al 1984). In tannin 
sorghum, the testa is pigmented and this feature is controlled by the complementary B1 
and B2 genes (Ring et al 1988). The spreader gene (S) controls the presence of pigments 
and possibly tannins in the epicarp. When S is dominant, more tannins are in the pericarp 
and testa layers. Type II sorghums have a pigmented testa and recessive spreader gene 
(B1- B2- ss), while type III sorghums have a pigmented testa and dominant spreader gene 
(B1- B2- S-). Type I sorghums do not have a pigmented testa and do not contain tannins 
(Hahn et al 1984, Dykes et al 2005). 
Although tannins are considered anti-nutritional compounds, tannin sorghums 
have been consumed and preferred for centuries as breads, porridges, and alcoholic 
beverages in Africa and Asia. Awika and Rooney (2004) stated that tannin sorghums can 
and should be considered as a source of natural antioxidants, dietary fiber, and color 
compounds. De Castro Palomino Siller (2006) reported that the addition of 12% tannin 
bran to bread formulation significantly (p<0.05) decreased starch digestibility and EGI 
values. McDonough et al (2004) reported that tannin sorghum bran resisted oxidative 
damage due to high-energy irradiation. 
Anthocyanins 
Anthocyanins are naturally occurring, water-soluble compounds. The most 
abundant anthocyanins in sorghum grain are 3-deoxyanthocyanidins, e.g. apigeninidin 
  
 6
and luteolinidin (Dicko et al 2006). Glycosylated forms of these anthocyanins were also 
identified in sorghums by Nip and Burns (1969, 1971). Black sorghum has significantly 
(p<0.05) more anthocyanin pigments than other sorghums (Awika and Rooney 2004). 
Awika and Rooney (2004) reported that black sorghum contained 4-9.8 mg/g 
anthocyanins, followed by red sorghum (3.3 mg/g), and brown sorghum (1.6-3.9 mg/g) 
on a dry weight basis.   
In vivo studies showed that anthocyanins may help prevent obesity (Prior et al 
2007), diabetes (Jankowski et al 2000), heart disease (Tsuda et al 2003), inflammation 
(Lietti et al 1976), and certain cancers (Karaivanova et al 1990, Turner et al 2006).  
Jankowski et al (2000) reported that grape anthocyanins prevented the generation of free 
radicals, decreased lipid peroxidation, reduced pancreatic swelling, and decreased blood 
sugar concentrations in urine and blood serum. Purple corn anthocyanins inhibited the 
typical symptoms of hyperinsulinemia, and hyperleptinemia, which generally occur with 
high-fat diets (Tsuda et al 2003).  
Phenolic Compounds and Starch Digestibility 
Phenolic compounds complex with proteins (Haslam 1996; Riedl and Hagerman 
2001) and carbohydrates (Asquith et al 1987; Naczk et al 2006), generating insoluble 
compounds. These interactions with phenolics include hydrophobic associations in 
nature and the formation of hydrogen bridges through hydroxyl groups (Belitz and 
Grosch 1999, Juge and Svensson 2006). Tannins bind sorghum kafirin (prolamine rich 
protein) resulting in reduced protein levels, and consequently lower and slower starch 
digestibility of tannin sorghum.  
Davis and Hoseney (1979) reported that tannins isolated from sorghum grain 
inhibited the enzyme alpha-amylase, and they also bind to the starch granule to varying 
degrees. Daiber (1975) and Beta et al (2000) found that condensed tannins inactivated 
malt amylases, which reduced starch breakdown and sugar production during brewing. 
De Castro Palomino Siller (2006) stated that condensed tannins inhibit the starch 
digestion by limiting starch availability in tannin sorghum extrudates and porridges.  
Thompson and Yoon (1984) investigated the relationship between polyphenol 
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intake and the blood glucose response in healthy and diabetic volunteers. They found a 
negative correlation between the GI and the concentration/total intake of polyphenols. 
Polyphenols, especially the large polymeric type or condensed tannins, appear to be 
responsible in part for the reduced glycemic response to carbohydrate foods and 
relatively low blood glucose response to legumes compared with cereal products 
(Thompson and Yoon 1984).  
Phenolic compounds complexing with starch and inhibiting enzymes may also 
lead to an increase in RS amount in porridges. De Castro Palomino Siller (2006) found 
that tannin sorghum porridges had significantly higher RS content than white sorghum 
porridges. Dicko et al (2006) reported that cooling cooked porridge led to the formation 
of RS which may form complexes with kafirin proteins; these are less susceptible to 
enzyme attack, resulting in increased RS in porridges.   
Glycemic Index (GI) and Estimated Glycemic Index (EGI) 
The glycemic index (GI) ranks carbohydrate-containing foods on how quickly 
and how much they elevate blood sugar levels. It is measured by comparing the increase 
in blood sugar after eating 50 grams of available carbohydrate from a single food with 
the increase in blood sugar after eating the same quantity of available carbohydrate from 
a reference food, which is either glucose or white bread (Jenkins et al 1981). A food that 
is easily broken down during digestion and quickly absorbed has a fast and high blood 
glucose response. Foods can be classified as having a low (<55), intermediate (55-70), or 
high GI (>70) with glucose as the reference standard. Higher values are generally found 
in more highly processed foods, while whole grain foods have lower values (Wolever 
and Bolognesi 1996). Consuming low GI foods helps to prevent extreme blood glucose 
changes and to slow absorption of carbohydrates (Price and Butler 1977, Jarvi et al 
1999). This is helpful for people with diabetes and beneficial in preventing certain 
diseases (Price and Butler 1977). 
The GI can be estimated from in vitro starch digestibility, and is called Estimated 
Glycemic Index (EGI). The rate and extent of starch digestibility depends on intrinsic 
and extrinsic factors, like cooking method (gelatinized starch is more easily digested); 
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processing method (reduced particle size; fiber and protein removal make digestion 
easier); type of starch (amylopectin is more easily digested than amylose); fiber (viscous 
soluble fiber slows digestion); fat (slows digestion and absorption of food components), 
inhibitors (tannins), and acidity (slows stomach emptying and the digestion rate) (Pi-
Sunyer 2002).  
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CHAPTER III 
MATERIALS AND METHODS 
Sorghum Varieties and Physical Characterization 
Sorghum Varieties  
White food-type sorghum (tannin free, ATx635*RTx436, College Station, 2003), 
sumac sorghum (tannin sorghum, West Texas, 2003), hi-tannin sorghum (tannin 
sorghum, CSC3xR28, College Station, 2001), black sorghum (tannin free with 
anthocyanin, TX430 black, College Station, 2001), and black with tannin sorghum 
(tannin-anthocyanin, Black PI Tall, College Station, 2005) varieties were used for this 
study. Sorghum grains were cleaned, de-glumed, and stored at 4°C until needed.  
Grain Characterization 
Sorghum grain was characterized for hardness (hardness index, HI), thickness 
(diameter) and weight with a single kernel hardness tester (SKHT, model SKCS 4100, 
Perten Instruments, Reno, NV). The instrument gives mean data based on 300 kernels. 
Density was measured using a gas-comparison pycnometer (Multipycnometer, 
Quantachrome, Syosset, NY). Five kernels of each type of sorghum were dissected and 
endosperm appearance was evaluated visually. Thousand-kernel weight (TKW) was 
performed by weighing 40 kernels and multiplying by 25. Color (L ) lightness; +a ) red, 
-a ) green; +b ) yellow, -b ) blue of whole sorghum grains and whole sorghum flour was 
measured using a colorimeter (model CR-310 Minolta Co. Ltd., Ramsey, NJ). Analyses 
were conducted in quadruplicate. Particle size distribution of the sorghum brans was 
calculated using #40, 60, 80 and 100 US standard sieves and 50 g sample size. Results 
were reported as percentage retained above each sieve. Measurements for each sample 
were made in duplicate. 
Controls Used in the Study 
• A white corn variety (Cargill Inc, Minneapolis, MN), 
• A white food-type sorghum variety (ATx635*RTx436, College Station, 2003), 
• A commercial corn starch (Argo) 
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• High amylose corn starch (High-maize starch 260, National Starch & Chemical, 
Bridge Water, NY) were used as controls.  
 They were kept at –20 0C until used. 
Milling and Bran Extract Preparation 
Whole Sorghum Grain Flours 
 Whole sorghum grains were milled to pass through a 1 mm screen using a UDY 
cyclone mill (Model 3010-030, UDY Corporation, Fort Collins, CO). They were kept at 
–20 0C until used. 
Pure Sorghum Endosperm  
According to Hardness Index values (HI), sumac sorghum was relatively softer, 
while white sorghum variety was relatively harder than the other sorghum varieties.  
Sumac sorghum variety (soft endosperm), and white sorghum variety (hard endosperm) 
were decorticated in an abrasive mill until 30% of the original kernel weight was 
removed. These endosperms were free of bran and germ. Endosperms and brans were 
separately milled through 1 mm screen (Model 3010-030, Udy Corporation, Fort 
Collins, CO).  
Sorghum Brans 
Brans of sorghum varieties were obtained by decorticating 4-kg batches in a PRL 
mini-dehuller (Nutama Machine Co., Saskatoon, Canada). The bran was then separated 
with a KICE grain cleaner (Model 6DT4-1, KICE Industries Inc., Wichita, KS). The 
bran (approx.10% of original grain weight) was further milled to pass through a 1 mm 
screen using a UDY cyclone mill (Model 3010-030, UDY Corporation, Fort Collins, 
CO). They were kept at –20 0C until used. 
Sorghum Bran Extracts 
 Distilled water, absolute methanol, 70% aqueous acetone, and 70% aqueous 
ethanol were used for extractions of sorghum phenols. The milled brans (3 g) were 
extracted for 3 hr using 30 ml of solvent with constant shaking at low speed in an 
Eberbach shaker (Eberbach Corp., Ann Arbor. MI) in quadruplicate (4x3g=12 g bran; 
30X4=120 ml solvent). The extracts were centrifuged, and supernatants (~100 ml) were 
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collected. Solvents (70% aqueous acetone, and 70% aqueous ethanol) were removed 
with vacuum at 30 0C, and phenols were recovered in approximately 30 ml of water, 
which were used for making porridges. The extracts of absolute methanol were 
evaporated to dryness at 25 0C in a Speed Vac SC201A (Thermo, Marietta, OH) under 
vacuum. The dried residue was dissolved in 25.1 ml water, and used for porridge 
making. Extracts were kept at –20 0C until the next day. Extracts were brought to room 
temperature to make porridges.   
Solid Contents of Extracts 
 Solid contents of bran extracts were measured after acetone removal as described 
above with a Portable Digital Brix Refractometer (Model ATA-3810 PAL-1, Pulse 
Instruments, Van Nuys, CA).  
Sorghum Bran Residues After 70% Aqueous  Acetone Extraction 
 After removal of extractable sorghum phenolics from brans with 70% aqueous  
acetone, brans were placed in an air forced oven at 35 0C overnight. Dried bran residues 
were further milled to pass through a 1 mm screen using a UDY cyclone mill (Model 
3010-030, UDY Corporation, Fort Collins, CO). Residues were kept at –20 0C until 
used. Residues were brought to room temperature to make porridges.  
Chemical Characterization  
Proximate Composition of the Grain 
Moisture 
Moisture content of sorghum grains were determined by the moisture air oven 
method (AACC 2000, Method 44-19) in triplicate.  
Total Starch  
Total starch (TS) was determined by AACC 2000, Method 76.13 using the Total 
Starch Assay Procedure Kit (Megazyme Int, Ireland). A 100 mg of ground sample was 
dispersed with 0.2 ml of aqueous ethanol (80% v/v). Immediately 3 ml of thermostable 
α-amylase in a MOPS buffer was added and the tube was incubated in a boiling water 
bath for 6 min (Stirring the tube vigorously after 2 min and 4 min). The tube was placed 
in a water bath at 50°C, and 4 ml of sodium acetate buffer (200 mM, pH 4.5) was added 
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followed by amyloglucosidase (0.1 ml, 20 U). The tube was stirred on a vortex mixer 
and incubated at 50°C for 30 min. Then, the volume was adjusted to 100 ml with 
distilled water. An aliquot of this solution was centrifuged at 3,000 rpm for 10 min. 
Duplicate aliquots (0.1 ml) were transferred to test tubes and 3 ml of the glucose oxidase 
reagent was added. The incubation with the reagent was at 50°C for 20 min, and the 
absorbance was measured at a wavelength of 510 nm against the reagent blank. Glucose 
concentration was converted into starch by multiplying by 0.9. Each sample was 
analyzed in triplicate.  
Protein Contents  
Protein contents of the whole grains were determined with a Perten PDA 7000 
NIR (Perten Instruments, Reno, NV).  
Total Phenol and Tannin Content Analysis 
Whole sorghum grain, sorghum brans (10% decortication), and bran residues 
were analyzed for total phenol and tannin contents. The milled samples were extracted 
by shaking at low speed in an Eberbach shaker (Eberbach Corp., Ann Arbor. MI) using 
acidified methanol (1% HCl in methanol) for whole sorghum grain; 70% aqueous  
acetone for sorghum brans and bran residues. The tubes were centrifuged at 3000 rpm 
for 10 minutes using the Beckman Model TJ-6 centrifuge (Beckman Instruments Inc., 
Spinco Division, Palo Alto, CA). The supernatants were used for total phenol and tannin 
quantifications. The reason for using 70% aqueous  acetone for brans and bran residues 
to extract phenols was to be consistent with bran extracts which were added in porridges. 
Total Phenol Content Analysis  
The Folin Ciocalteu method of Kaluza et al (1980), as modified by Dykes et al 
(2005), was used to determine total phenols of sorghum varieties. The milled samples 
were extracted for 2 hours at low speed in an Eberbach shaker (Eberbach Corp., Ann 
Arbor. MI). One aliquot of the supernatant (0.1 ml) was diluted with 1.1 ml of water and 
was then reacted with 0.4 ml of Folin reagent and 0.9 ml of 0.5 M ethanolamine. The 
reaction was allowed to stand for 20 min at room temperature, and the absorbance was 
read at 600 nm. Gallic acid was used as a standard. 
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Tannin Content Analysis 
The vanillin-HCl method of Price et al (1978), and modified by Dykes et al 
(2005) was used to determine tannin contents of sorghum varieties. The milled samples 
were extracted at 300 C for 20 min. A 1 mL volume of the supernatant was mixed with 5 
mL vanillin reagent, and absorbance read at 500 nm after 20 min. Blank determinations 
were done to compensate for the color of the samples, by replacing the vanillin reagent 
with 4% HCl in methanol. The standard used was catechin (Sigma-Aldrich Inc., St 
Louis, MO); tannin content was expressed as mg catechin equivalents per g (mg CE/g).  
Porridge Preparation  
A Rapid Visco Analyzer (RVA) (RVA Series 4, Newport Scientific, 
Warriewood, Australia) was used to cook porridges. A programmed heating and cooling 
cycle was used, in which the mixture was held at 500 C for 1min, heated to 950 C in 7.5 
min at the rate of 60C/min, held at 950 C for 5min before cooling to 500 C in 7.5 min and 
holding at 500 C for 1min (Appendix C). Porridges were left at room temperature for 10 
min before sub-sampling for enzyme hydrolysis. Solid-to-liquid ratios of porridges were 
between 11-13% db. The viscosity was recorded (RVA Series 4) with the accompanying 
software Thermocline for Windows Version 2.0.  
Porridges Used in Preliminary Studies 
Whole sorghum porridges were prepared with 2.8 g (dry basis) starch equivalent 
ground whole sorghum and 25.1 ml distilled water.  
The effects of tannin bran extracts on corn starch porridges were observed before 
cooking and after cooking. Tannin bran extracts (25.1 ml) were added to corn starch 
porridges during cooking and 10 min after cooking. The mixture was homogenized using 
a Polytron homogenizer (Kinematica GmbH, Switzerland) with controlled speed (level 
4) for 1 min.  
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Porridges Used in the Main Study 
Endosperm Porridges Cooked with Sorghum Brans 
Endosperms of hard (white sorghum) and soft (sumac sorghum) sorghum varieties 
were mixed with sorghum brans (endosperm: bran ratio of 85:15), and cooked in 25.1 ml 
of double distilled water using Rapid Visco-analyzer (RVA Series 4) for 7 min. 
Endosperm porridges cooked with white bran and hard/soft endosperm porridges cooked 
without any brans were chosen as controls.  
Double Cooked Corn Starch Porridges 
Single cooked corn starch (3.1 g, as is) with 25.1 ml distilled water was used as a 
control. Double cooking-cooling cycle was applied with different amounts of distilled 
water as follows; 
Double Cooked Corn Starch Porridges: Porridges were cooked with 3.1 g (as is) corn 
starch and 25.1 ml distilled water, cooled to room temperature, and cooked again.  
Double Cooked Corn Starch Porridges wit Limited Water: At first cooking, corn starch 
(3.1 g as, is) was cooked with 12 ml of distilled water, and then cooled to room 
temperature for 10 min. Thirteen ml (13.1 ml) additional distilled water was added to the 
cooked porridge for the second cooking (12+13.1=25.1 ml distilled water).  
All porridges mentioned below were double cooked as described in #2 above. The 
amounts of bran extracts used in porridges mentioned below were the entire amounts of 
extracts obtained from 4 centrifuge tubes of 3 g sorghum bran (4X3=12 g bran) and 
approximately 30 ml distilled water (4X30=120 ml) after acetone removal (see sorghum 
bran extracts above).   
Ground Whole Sorghum Porridges Cooked with Distilled Water and 70% Aqueous 
Acetone Sorghum Bran Extracts  
Whole sorghum (2.8 g dry basis, starch equivalent) flours were cooked with 25.1 
ml distilled water/70% aqueous acetone sorghum bran extracts. Whole white corn 
porridges cooked with 25.1 ml distilled water/70% aqueous acetone corn bran extract 
were used as controls. 
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Corn Starch Porridges Cooked with 70% Aqueous Acetone Sorghum Bran Extracts 
Corn starch (3.1 g, as is) and bran extracts were cooked together. Corn starch 
porridges cooked with distilled water and corn starch porridges cooked with white bran 
extract were used as controls. 
Corn Starch Porridges Cooked with Zein Protein (Sigma Co., St Louis, MO) in Distilled 
Water and in 70% Aqueous Acetone Sorghum Bran Extracts 
Corn starch (3.1 g, as is), zein protein (0.55 g, as is) and 25.1 ml distilled 
water/bran extracts were cooked together (corn starch: zein ratio of 85:15). Corn starch 
porridges cooked with distilled water, corn starch porridges cooked with zein in distilled 
water, and corn starch porridges cooked with zein in white bran extract were used as 
controls. 
Corn Starch Porridges Cooked with Remaining Bran Residues After 70% Aqueous 
Acetone Extraction in Distilled Water 
Corn starch (3. 1 g, as is), bran residue (0.55 g, as is), and 25.1 ml distilled water 
were cooked together (corn starch: bran residue ratio of 85:15). Double cooked corn 
starch (with distilled water), double cooked corn starch with white bran residue (with 
distilled water) were used as controls. 
High Amylose Corn Starch Porridges Cooked with 70% Aqueous Acetone Sorghum 
Bran Extracts  
High amylose corn starch (3.1 g, as is) and bran extracts were cooked together. 
High amylose corn starch porridges cooked with distilled water were used as control. 
Porridge Analysis 
Assays Used in Preliminary Studies 
In vitro Dry Matter Disappearance (IVDMD) Method Used  
A quick IVDMD method was only used to conduct preliminary studies to 
investigate starch digestibility of sorghum porridges. This method was quick and easy to 
observe differences in digestibility among the porridges. Only hi-tannin, black, and 
white sorghum varieties were used. Commercial corn starch (Argo) and tannin free white 
sorghum variety were used for comparisons.  
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Three ml of bacterial alpha amylase (α-Amylase from Bacillus sp. liquid, 
≥300 U/g, Sigma-Aldrich) was added directly onto porridges in the canister, and mixture 
was homogenized using a Polytron homogenizer (Kinematica GmbH, Switzerland) with 
controlled speed (level 4) for 1 min. Canister was washed into an erlenmeyer with 10 ml 
1M Tris maleate buffer (pH=6.9). The erlenmeyer were left in an air oven at 60 0C for 18 
h. Residues were collected by a Whatman filter paper (Grade 41), and filter paper was 
left in the oven at 40 0C until complete dryness. This analysis was conducted in 
duplicates for porridges cooked 4 different times.  
Assays Used in Main Study  
In vitro Rate of Starch Digestion  
The procedure and model established by Goñi et al (1997) was used to measure 
the in vitro starch hydrolysis. Triplicate samples of 50 mg starch (dry basis) equivalent 
wet porridges (as ready to eat) were homogenized in water using a Polytron 
homogenizer (Kinematica GmbH, Switzerland) with controlled speed (level 4, 1 min). 
Then, 0.2 ml of a solution containing 1 mg of pepsin from porcine gastric mucosa (P-
7000, Sigma-Aldrich Inc.) in 10 ml of HCl-KCl buffer (pH=1.5) was added. The 
samples were incubated at 40°C for 60 min in a shaking water bath. Fifteen ml of Tris-
Maleate buffer (pH 6.9) was added to adjust pH. Then another 5 ml of Tris-Maleate 
buffer containing 2.6 UI of α-amylase from porcine pancreas (A-3176, Sigma-Aldrich 
Inc.) was added. The flasks were placed in a water bath at 37°C with agitation. Aliquots 
(0.1 ml) were taken every 30 min from 0 to 3 h. α -amylase was inactivated by 
immediately placing the tubes in a boiling water bath for 10 min with vigorous shaking 
every 30 sec. Then, 1 ml of 0.4 M sodium-acetate buffer pH=4.75 and 30 μl of 
amyloglucosidase from Aspergillus niger (A-1602, Sigma-Aldrich Inc.) were added. The 
samples were incubated at 60°C for 45 min to hydrolyze the starch into glucose. Finally, 
the glucose concentration was measured using the glucose oxidase-peroxidase kit. 
(Megazyme Int, Ireland) as described previously in the total starch analysis. The 
experiment was repeated two times for each sample.  
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The rate of starch digestion was expressed as a percentage of total starch 
hydrolyzed at different times (30, 60, 90, 120, 150, and 180 min). The digestion curves 
were adjusted to the following non-linear equation established by Goñi et al (1997) to 
describe the kinetics of starch hydrolysis:  
C = C
∞ 
(1-e
-kt
)  
where C is the percentage of starch hydrolyzed at time t (min), C
∞ 
is the equilibrium 
percentage of starch hydrolyzed after 180 min, and k is the kinetic constant. The 
variables C
∞ 
and k were estimated for each sample using SPSS for Windows 11.5.  
Rapidly and Slowly Digested Starch  
Rapidly digestible starch (RDS) and slowly digestible starch (SDS) were 
determined according to Englyst et al (1992). The enzymatic hydrolysis method of Goñi 
et al (1997) was used to obtain these fractions. The RDS was defined as the percentage 
of starch digested at 30 min, and the SDS as the percentage of starch digested at 120 
min.  
Hydrolysis Index and Estimated Glycemic Index (EGI) 
From the digestion curves obtained during starch hydrolysis, the area under the 
hydrolysis curve (AUC) was calculated for each sample using the equation:  
AUC = C
∞ 
(t
f 
– t
o
) – (C
∞
/k)[1 – exp [–k(t
f 
– t
o
)]  
where t
f 
is the final time (180 min) and t
o 
is the initial time (0 min). The 
hydrolysis index (HI) was obtained by dividing the area under the hydrolysis curve of 
each sample by the corresponding area of a reference sample (fresh white bread, 
GI=100) obtained from Goñi et al (1997). Finally, the estimated glycemic index (EGI) 
was predicted with the formula:  
EGI = 39.71 + (0.549 x HI). 
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Resistant Starch (RS) 
Resistant starch (RS) was determined enzymatically by the method of Goñi et al 
(1996). Samples from in vitro rate of starch digestion were further incubated at 37°C for 
13 more hours with constant shaking. The hydrolylate was centrifuged and the 
supernatant discarded. The residue was moistened and 3 ml of KOH was added to 
solubilize the residual starch, shaking for 30 min at room temperature. After adjusting 
the pH to 4.75 (using 0.4 M sodium acetate buffer and 2 M HCl), 80 μl of 
amyloglucosidase from Aspergillus niger (A-1602, Sigma-Aldrich Inc.) was added, 
mixed well and left for 45 min in a water bath at 60°C with constant shaking. The 
solution was centrifuged and the supernatant collected in a 25 ml volumetric flask. After 
adjusting the volume with distilled water, duplicate aliquots (0.1 ml) of this solution 
were transferred into test tubes and the reagent from the glucose determination kit 
(Megazyme Int, Ireland) was added and the absorbance was read as described in the total 
starch analysis. The resistant starch was calculated as mg of glucose x 0.9. Samples were 
analyzed in triplicate.  
Microscopy  
Selected samples were analyzed by Bright Field Microscopy (Zeiss Universal) 
using polarized light to observe the structural differences between porridges and their 
residues after digestion.   
Statistical Analyses  
Mean values of all data were analyzed with one way analysis of variance 
(ANOVA) and significant differences were tested by Duncan’s test using a confidence 
level of 95% (α=0.05). The statistical software SPSS v 11.5 (SPSS Inc., Chicago, IL) 
was used.  
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CHAPTER IV 
SORGHUM GRAIN CHARACTERIZATION AND PRELIMINARY STUDIES 
Sorghum grain characters, like other cereals, affect storage, processing, and food 
quality. Physical grain characteristics such as grain hardness, diameter, color, 1000 
kernel weight, density; chemical characteristics such as moisture, protein and starch 
contents are among the important quality factors of sorghum (Hulse et al 1980, Rooney 
and Miller 1982).  
The objective of this study was to determine the physical and chemical grain 
characteristics of sorghum varieties used in this study. 
Results 
Sorghum grain characterization  
Moisture and protein contents of all sorghum varieties were similar. Specialty 
sorghum varieties had significantly (p<0.05) lower total starch contents than white 
sorghum. Black with tannin sorghum had the lowest total starch content compared to 
other sorghum varieties (Table I).  
Thousand kernel weights of the sorghum varieties were significantly (p<0.05) 
different. Kernels of white (2.5 mm, 31 mg), black (2.6 mm, 37.8 mg) and black with 
tannin (3.0 mm, 35.8 mg) varieties were significantly (p<0.05) bigger and heavier than 
those of hi-tannin (1.8 mm, 23.9 mg) and sumac (1.9 mm, 16.7 mg) (Table I).    
  
 TABLE I 
Physical and Chemical Characteristics of Sorghum Varieties* 
Physical and Chemical 
White 
sorghum 
Hi-tannin 
sorghum 
Sumac 
sorghum Black sorghum 
Black-
tannin 
sorghum LSD 
Characteristics             
Moisture (%) 11.4a 12.0a 11.9a 11.5a 12.1a 0.8 
Protein (% d.b.) 11.7a 11.2a 11.8a 11.7a 11.8a 0.6 
Starch (% d.b.) 74.0a 67.5b 68.4b 65.9b 60.4c 2.4 
Hardness index (SKHT) 57.7a 50.7c 37.9e 55.6b 42.3d 1.3 
Weight (mg) 31.0b 23.9c 16.7d 37.8a 35.8b 0.8 
Diameter (mm) 2.5a 1.8b 1.9b 2.6a 3.0c 0.1 
TADD(%weight 
removed) 12.0c 20.2b 20.5b 21.0b 43.8a 1.6 
Density (g/cm3) 1.3a 1.3a 1.3a 1.3a 1.3a 0.0 
Thousand kernel weight 
(g) 30.2b 24.3c 15.8d 44.0a 43.5a 1.3 
Test weight (lb/bu) 60.9a 57.5b 59.0a 57.4b 50.5c 1.3 
Tannins (mg CE/g d. 
m.r.) 0.0d 34.4b 42.5a 1.0d 15.0c 1.2 
Phenols (mg CE/g d. 
m.r.) 3.1e 22.5b 28.3a 7.6d 13.8c 1.1 
Pericarp white, thin red, thin red, thin red, thick red thick N/A 
Pigmented testa no yes yes no yes N/A 
* Values followed by the same letter within a row are not significantly different (p<0.05).   
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The hardness indices (HI) of sorghum varieties were significantly (p<0.05) 
different. White sorghum variety had the hardest kernels, with hardness index (HI) of 
57.7, sumac sorghum variety with a floury endosperm, was soft, with an HI of 37.9. The 
softer sorghum varieties had significantly higher percentage of removal in the TADD 
(Table I). The dissected grains showed a higher proportion of hard endosperm in the 
white and black sorghum varieties (Fig. 1), and a higher proportion of floury endosperm 
in the tannin sorghum varieties (hi-tannin, sumac, and black with tannin). The high 
amount of soft endosperm from the tannin sorghums caused a higher percentage of 
removal in the TADD and a lower Hardness Index (HI) from the SKHT compared to the 
white sorghum.  
Test weight (bulk density) of white and sumac sorghum varieties were similar; 
high-tannin and black sorghum were similar, while black with tannin sorghum had 
significantly (p<0.05) lower test weight than the other varieties. All sorghum varieties 
had similar true densities (Table I).  
Specialty sorghum varieties (sumac, hi-tannin, black with tannin and black) had 
significantly (p<0.05) higher total phenol contents than white sorghum. Sumac sorghum 
had the highest amounts of total phenol contents, followed by hi-tannin, black with 
tannin, and black sorghum (Table I). Specialty sorghum varieties with pigmented testa 
(sumac, hi-tannin, and black with tannin) had significant amounts of total phenol and 
tannin contents.  
  
  
White sorghum 
Sumac sorghum Black sorghum 
Hi-tannin  sorghum Black-tannin sorghum 
Fig. 1. Kernels of sorghum varieties: Intact (top) and dissected (bottom).  Pictures were taken at 4X 
magnification.  
  22
 23
 
 
Whole black sorghum grain had the lowest L* value (31.4), which means that it 
was the darkest in color, followed by whole black with tannin sorghum (34.7), and 
whole tannin sorghum (35.0). White sorghum had the highest L* value (60.8).  
When whole sorghum grains were milled into flours, L* values of all sorghum 
varieties were significantly (p<0.05) increased (Fig. 2).  
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Fig. 2. L*  values of whole sorghum grain and ground whole sorghum grain.  
Values followed by the same uppercase letters are not significantly different 
(p<0.05), across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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With the exception of whole white sorghum flour, a* values were positive. 
Whole tannin sorghum grain had the highest a* value (13.2), which means that it was 
more red than other sorghum varieties. When whole sorghum grains were milled into 
flours, a* values of all sorghum varieties were significantly (p<0.05) decreased, because 
endosperm came out during milling (Fig. 3). 
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ig. 3. a* values of whole sorghum grain and ground whole sorghum grain. 
ifferent 
F
Values followed by the same uppercase letters are not significantly d
(p<0.05), across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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The b* values were positive for all samples, which means that they were more 
yellow than blue. When whole sorghum grains were milled into flours, b* value of white 
and tannin sorghum varieties were significantly (p<0.05) decreased; black and black 
with tannin sorghum varieties were significantly (p<0.05) increased (Fig. 4).  
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Fig. 4. b* values of whole sorghum grain and ground whole sorghum grain. 
Values followed by the same uppercase letters are not significantly different 
(p<0.05), across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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Discussion 
All sorghum varieties were morphologically different with significantly (P<0.05) 
different starch contents. White, black, black with tannin sorghum kernels were 
significantly larger and harder compared to hi-tannin and sumac sorghum kernels (Table 
I). 
Increased starch contents in sorghum varieties gave significantly (p<0.05) higher 
test weights and TADD values. The dissected grains showed a higher proportion of hard 
endosperm in the white and black sorghum, and a higher proportion of floury endosperm 
in the tannin sorghum varieties (sumac, hi-tannin, and black with tannin) (Fig. 1). The 
high amount of soft endosperm in the tannin sorghum varieties caused a higher 
percentage of removal in the TADD and a lower Hardness Index from the SKHT 
compared to the white sorghum (Table I). Softer tannin sorghum varieties (sumac, hi-
tannin, and black with tannin) had lower decorticated yield (56.2-79.8%) than white 
sorghum (88 %) variety because the kernels were softer and thus fragmented easily, 
resulting in endosperm loss with the bran. Sorghum kernels with a high proportion of 
hard endosperm are suited for de-hulling by pearling procedures (Beta et al 2000), and 
give higher yield of decorticated product. The starch and protein contents of the sorghum 
varieties were within the normal ranges reported for sorghum (Rooney and Waniska 
2000). 
The higher amounts of phenols were in the smaller, softer sorghum kernels 
(Table I). Sorghum varieties with a pigmented testa and red pericarp color had 
significantly (p<0.05) higher total phenols (13.8-28.3 mg GAE/g) and condensed tannin 
(15-42.5 mg CE/g) than white sorghum variety (3.1 mg GAE/g, 0 mg CE/g) (Table I).  
White sorghum variety had a light pericarp (higher L* value, Fig. 2) and more 
yellow color (higher b* value, Fig. 4), while specialty sorghum varieties had darker 
pericarp with higher red values. White sorghum variety had the highest L* values (Fig. 
2). This was anticipated, because white sorghum has a white pericarp with a tan 
secondary plant color. 
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Whole grains of sorghum varieties had positive a* values, which means that they 
were more red than green (Fig. 3). Whole hi-tannin sorghum had a higher a* value than 
the other varieties. This was expected since the hilar area, which was covered by the 
glume during its development, was light red, which affected the redness value. When 
whole sorghum grains were milled into flours, a* values of all sorghum varieties were 
significantly (p<0.05) decreased, because milling brings out white endosperm except for 
black and black with tannin sorghum variety (Fig. 3).  
In this study, softer, lighter, smaller sorghum varieties with low thousand kernel 
weights had significant amounts of total phenols and condensed tannins. These findings 
provide useful guidelines to understand the relationships between sorghum grain’s 
physical and chemical characteristics with specific emphasis on phenol rich sorghum 
varieties.   
Preliminary Studies 
Earlier research by De Castro Palomino Siller (2006) found that tannin sorghum 
extrudates and porridges were less digestible than that of white sorghum. Condensed 
tannins seemed to inhibit the starch digestion by limiting starch availability (De Castro 
Palomino Siller 2006). The aim of the preliminary study was to establish whether further 
research on the effects of sorghum [Sorghumbicolor (L.) Moench] phenolic compounds 
on starch digestibility of porridges was warranted.  
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Whole tannin sorghum porridges had significantly (p<0.05) higher amounts of 
residues (after 18 h bacterial alpha amylase digestion) than whole white and black 
sorghum porridges (Fig. 5). Whole black sorghum porridges had slightly higher amounts 
of residue than whole white sorghum porridges.  
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Fig. 5. The residue of whole sorghum grain porridges after 18 h bacterial alpha 
amylase digestion. Values followed by the same letter are not significantly different 
(p<0.05).
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Tannin bran addition to corn starch significantly (p<0.05) increased the 
amounts of residues in the porridges (Fig. 6). Fiber was the main part which was 
not digested. Tannin bran added to corn starch porridges had significantly 
(p<0.05) higher amounts of residues than residues of non-tannin bran corn starch 
porridges. The difference between the residue and crude fiber in tannin bran 
added to corn starch porridges was the resistant starch (2.4%). However, white 
bran added corn starch porridges had only crude fiber left in the residue. This 
difference was caused by the presence of phenolic compounds in tannin sorghum 
brans.  
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Fig. 6. The residue of corn starch porridges made with tannin and white sorghum 
brans (corn starch: bran ratio of 85:15) using the IVDMD method. Crude fiber 
contents were adopted from Gordon (2001). Values followed by the same uppercase 
letters are not significantly different (p<0.05), across all samples. Values followed 
by the same lowercase letters are not significantly different (p<0.05), across all 
samples.  
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Tannin bran extract addition before or after cooking significantly (p<0.05) 
increased the residue amounts in corn starch porridges (Fig. 7). When tannin extract was 
added after cooking, the residue was twice as much as residues of corn starch porridges 
cooked with tannin bran extracts. 
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Fig. 7. The effect of tannin bran extract (70% aqueous acetone) addition before or 
after corn starch was cooked. Values followed by the same letter are not 
significantly different (p<0.05).  
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This shows that when the tannin bran extract was added to corn starch before 
cooking, it likely interact with corn starch/protein (less than 1% protein in corn starch) 
so that they do not inhibit enzymes as much as if they were added after cooking.  
The most negatively reported effect of sorghum tannins in animals is reduced 
feed efficiency (Rooney and Riggs 1971). However, with obesity a major and ever-
increasing problem in the developed world (more than 60% of Americans are reported to 
be overweight) (AHA 2008), this attribute of sorghum tannins/phenols has the potential 
of helping alleviate the problem. In light of these preliminary studies, the research was 
conducted in depth and detailed in subsequent chapters.  
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CHAPTER V 
THE EFFECTS OF SORGHUM BRANS ON STARCH DIGESTIBILITY OF 
SOFT AND HARD SORGHUM ENDOSPERM PORRIDGES 
 
The sorghum brans can be used to fortify bread, cookies and other snacks, to 
improve the phytonutrient content, as well as dietary fiber and sensory properties. 
Kotarski et al (1992), Pedersen et al (2000), Pedersen and Kofoid (2003) found 
strong relationships between grain hardness index (HI) and in vitro dry matter 
disappearances (IVDMD) of corn and sorghum grains. They reported that differences in 
starch hydrolysis can partially reflect differences in endosperm structure. Grain hardness 
also has been reported to be the most important and consistent grain characteristic 
affecting quality of the porridges (Bello et al 1990, Taylor et al 1996, Rami et al 1998, 
Aboubacar et al 2002, Rooney et al 1986) and play a major role in the digestibility for 
both human and livestock (Rooney and Pflugfelder 1986).  
This study was designed to investigate the effects of specialty sorghum brans, 
which are rich in phenolic compounds, on starch digestibility of porridges made with 
hard and soft endosperm flours. Endosperm porridges cooked with sorghum brans were 
prepared as described Chapter III, materials and methods.  
Results  
Total Starch and Phenolic Contents  
Specialty sorghum varieties had significantly (p<0.05) lower total starch contents 
than the white sorghum variety (Chapter IV, Table I).  
Pure hard and soft sorghum endosperms had similar total starch contents (Fig. 8). 
Sorghum brans had significantly (p<0.05) different total starch contents. White bran had 
significantly (p<0.05) higher total starch content than the other sorghum varieties (Fig. 
9).  
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Fig. 8. Total starch contents of pure ground sorghum endosperms. Values followed 
by the same letter are not significantly different (p<0.05). 
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Fig. 9. Total starch content of sorghum brans (10% decorticated). Values followed 
by the same letter are not significantly different (p<0.05). 
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Whole tannin sorghum grain and its bran had the highest amounts of total 
phenols and tannin contents, followed by those of black with tannin, and black sorghum 
varieties. Specialty sorghum brans contained significantly (p<0.05) higher amounts of 
total phenols and condensed tannins than whole sorghum grains (Fig. 10, 11).   
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Fig. 10. Total phenol contents (% db) of sorghum brans (10% decorticated) versus 
ground whole sorghum grains. Values followed by the same uppercase letters are 
not significantly different (p<0.05), across all samples. Values followed by the same 
lowercase letters are not significantly different (p<0.05), across all samples.  
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Fig. 11. Tannin contents (% db) of sorghum brans versus ground whole sorghum 
grains. Values followed by the same uppercase letters are not significantly different 
(p<0.05), across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
 
 
 
Black bran particles were larger and sharper than white and tannin brans (Fig. 
12). Particle size distributions of sorghum brans were investigated. Black sorghum bran 
had significantly (P<0.05) larger particles (coarser); while white and black with tannin 
bran had significantly (P<0.05) smaller particles than the other brans (Table II).  
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Fig. 12. Structure of selected sorghum brans under Scanning Electron Microscopy 
(Adopted from Gordon 2001).  Pictures were taken at 100X magnification. 
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 TABLE II 
Particle Size Distribution (% weight) of Sorghum Brans Used for Porridges* 
Sorghum bran type Sieve Sieve Sieve Sieve Sieve Pan 
 US#10 US#20 US#30 US#40 US#60 through 
  (2000 μm) (850 μm) (600 μm) (425 μm) (250 μm) (<250 μm)
white 0.0a 0.0a 0.9a 4.4a 94.0a 0.3a 
high tannin 0.0a 0.0a 1.3a 51.2b 47.5b 0.1a 
black 0.0a 2.0a 3.1b 70.9c 23.9c 0.6b 
black with tannin 0.0a 1.0a 1.5a 6.2a 91.4a 0.1a 
LSD 0.2 0.5 0.6 2.0 2.6 0.2 
*Values within the same column with different letters are significantly different at P<0.05. 
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Starch Digestibility of Ground Soft Sorghum Endosperm Porridges versus Hard 
Sorghum Endosperm Porridges  
Overall soft endosperm porridges had significantly (p<0.05) higher starch 
digestibility than hard endosperm porridges (Fig. 13, Table A-I).  
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Fig. 13. Starch digestibility of ground hard (white) versus soft (sumac) endosperm 
porridges. Values followed by the same letter are not significantly different 
(p<0.05). 
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The Effects of Sorghum Brans on Starch Digestibility of Hard (White) Endosperm 
Porridges 
Black bran significantly (p<0.05) increased starch digestibility; tannin and black 
with tannin bran significantly (p<0.05) decreased starch digestibility of hard endosperm 
porridges (Fig. 14, Table A-II).  
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Fig. 14. Starch digestibility of hard (white) sorghum endosperm porridges made 
with sorghum brans (endosperm: bran ratio of 85:15). Values followed by the same 
letter are not significantly different (p<0.05). 
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The Effect of Sorghum Brans on Starch Digestibility of Soft (Sumac) Endosperm 
Porridges 
Overall, brans of tannin and black with tannin sorghum significantly (p<0.05) 
decreased starch digestibility, while black bran significantly (p<0.05) increased starch 
digestibility of soft endosperm porridges (Fig. 15, Table A-III).  
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Fig. 15. Starch digestibility of soft (sumac) sorghum endosperm porridges made 
with sorghum brans (endosperm:bran ratio of 85:15). Values followed by the same 
letter are not significantly different (p<0.05). 
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The Effects of Sorghum Phenols on Starch Digestibility of Hard and Soft Endosperm 
Porridges  
Brans of the same sorghum variety were added to hard and soft endosperm 
porridges to compare the differences in starch digestibilities between hard and soft 
endosperm porridges in the presence of sorghum brans. Hard and soft endosperm 
porridges were used as controls. 
Black with tannin sorghum bran addition significantly (p<0.05) decreased starch 
digestibility of hard and soft endosperm porridges. Significant (p<0.05) differences 
existed in digested starch at 30 and 60 min of black with tannin added to endosperm 
porridges (Fig. 16, Appendix Table A-IV). 
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Fig. 16. Starch digestibility of hard (white) versus soft (sumac) endosperm flour 
porridges in the presence of black with tannin sorghum bran (the ratio of 85:15). 
Values followed by the same letter are not significantly different (p<0.05). 
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Addition of tannin bran to soft and hard endosperm porridges significantly 
(p<0.05) decreased starch digestibility of hard and soft endosperm porridges (Fig. 17, 
Table A-V).  
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Fig. 17. Starch digestibility of pure hard (white) versus soft (sumac) endosperm 
flour porridges in the presence of tannin sorghum bran (the ratio of 85:15). Values 
followed by the same letter are not significantly different (p<0.05). 
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Black bran addition to hard and soft endosperm porridges significantly (p<0.05) 
increased starch digestibility (Fig. 18, Table A-VI).   
 
 
50
60
70
80
90
100
30 60 90 120 150 180
time(min)
D
ig
es
te
d 
to
ta
l s
ta
rc
h 
(%
)
hard endosperm
hard endosperm+black bran
soft endosperm+black bran
soft endosperm
 
a 
b 
c 
Fig. 18. Starch digestibility of hard (white) versus soft (sumac) endosperm flour 
porridges in the presence of black sorghum bran. Values followed by the same 
letter are not significantly different (p<0.05). 
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White sorghum bran added to soft endosperm porridges had significantly 
(p<0.05) higher starch digestibility than white sorghum bran added to hard endosperm 
porridges (Figure 19, Table A-VII). White sorghum bran addition to hard and soft 
endosperm porridges significantly (p<0.05) increased starch digestibility of the 
endosperm porridges.  
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Fig. 19. Starch digestibility of hard (white) and soft (sumac) endosperm porridges 
in the presence of white bran. Values followed by the same letter are not 
significantly different (p<0.05). 
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The Effect of Sorghum Brans on EGIs of Hard and Soft Endosperm Porridges  
Addition of white and black sorghum bran to porridges significantly (p<0.05) 
increased EGIs of hard and soft endosperm porridges, while tannin and black with tannin 
bran significantly (p<0.05) decreased EGIs of the porridges (Fig. 20).  
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Fig. 20. EGIs of hard (white) versus soft (sumac) sorghum endosperm porridges 
(endosperm:bran ratio of 85:15). Values followed by the same uppercase letters are 
not significantly different (p<0.05), across all samples. Values followed by the same 
lowercase letters are not significantly different (p<0.05), across all samples.  
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Effect of Sorghum Brans on RS Contents of Soft and Hard Endosperm Porridges 
Tannin and black with tannin sorghum brans significantly (p<0.05) increased RS 
contents of both soft and hard endosperm porridges (Fig. 21). 
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Fig. 21. RS contents of endosperm porridges made with sorghum brans 
(endosperm: bran ratio of 85:15). Values followed by the same uppercase letters are 
not significantly different (p<0.05), across all samples. Values followed by the same 
lowercase letters are not significantly different (p<0.05), across all samples.  
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Selected Porridges Seen Under Light Microscopy  
In this study, phenol rich black bran addition significantly (p<0.05) increased 
starch digestibility and EGIs of the endosperm porridges, while tannin and black with 
tannin brans significantly (p<0.05) decreased EGI of the endosperm porridges. So that 
porridges made with black bran and the residues remaining after 18 h enzyme digestion 
were selected for observation under light microscopy. A comparison was made with 
tannin bran added endosperm porridges and their residues (Fig. 22). 
In both porridges, endosperm pieces were glued together. Starch was fully cooked 
and bran particles were embedded in porridge gel. However, black bran endosperm 
porridges had more gelatinized starch granules. Black bran endosperm porridges had 
sharper and bigger bran pieces (Fig. 22a), unlike tannin bran endosperm porridges (Fig. 
22b).   
Residues of black and tannin bran endosperm porridges had small amounts of 
gelatinized starch in the bran pieces. Residues of black bran endosperm porridge had 
agglomerated epicarp pieces (Fig. 22c), which were not observed in residues of tannin 
bran endosperm porridges (Fig. 22d).   
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Fig. 22. Selected porridges seen under light microscopy. A: Black bran endosperm porridge, B: Tannin bran 
endosperm porridge C: Residues (after 18 h enzyme digestion) of black bran endosperm porridge D: Residues (after 
18 h enzyme digestion) of tannin bran endosperm porridge, GS: gelatinized starch granules. Picture were taken at 
100X magnification. 
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Discussion 
In this study, sorghum varieties with higher amounts of phenolic compounds 
were softer, and had less total starch contents than those with less phenolic compounds.  
Bean and Ioerger (2006) reported that molecular weight, kafirin protein cross 
linking, and distribution of disulfide bonds and free sulfhydryl bonds differed between 
hard and soft endosperms. The hard endosperm flours had higher ratio of corneous to 
floury endosperm than soft endosperm flours. Hard endosperm flour contained abundant 
protein bodies that surround the starch granule, whereas the soft endosperm was 
relatively free of protein bodies. Differences in sorghum grain hardness result from 
adhesion between starch granules and storage proteins. Soft sorghum endosperm has 
bigger starch granules than hard sorghum endosperm. Smaller granules have a larger 
surface available for non-covalent bonds with endosperm proteins. Thus, the protein in 
the hard endosperm (white sorghum) influenced starch gelatinization. As a result, hard 
endosperm porridges had significantly (p<0.05) lower starch digestibility than soft 
endosperm porridges (Fig. 13, Appendix Table A-I).  
Black sorghum bran’s larger and sharper particles may have physically disrupted 
the continuous matrix that holds porridges together, creating weak points, making the 
porridge more susceptible to enzymes, which resulted in significantly (p<0.05) higher 
starch digestibility, EGI and lower RS contents of endosperm porridges (Fig. 18). Brans 
of sorghum varieties with condensed tannin (tannin, black with tannin) significantly 
(p<0.05) decreased starch digestibility, EGI and increased RS contents of endosperm 
porridges, especially soft endosperm porridges. White sorghum bran did not have a 
significant affect on starch digestibility of endosperm porridges (Fig. 19). 
Condensed tannins inhibit enzymes and/or bind prolamin rich protein (kafirin in 
sorghum) and starch (Asquith and Butler 1986, Davis and Hoseney 1979, Daiber 1975, 
Beta et al 2000, De Castro Palomino Siller 2006). Since both total starch and starch 
digestibility assays involve enzyme applications, it is highly probable that tannins 
complexed with kafirin proteins and starch in soft and hard endosperms, during porridge 
cooking, which resulted in lower starch digestibilities.  
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Regardless of endosperm type (hard/soft), presence of phenolic compounds in 
sorghum brans decreased starch digestibility of endosperm porridges except for black 
sorghum bran. This study also showed that differences in the structures of sorghum 
brans affect starch digestibility. In vivo studies showed that increased amounts of 
condensed tannins and total phenols could significantly (p<005) lower blood glucose 
level of diabetic volunteers (Thompson and Yoon et al 1984). Thus the brans of 
condensed tannins containing sorghum varieties could reduce or slow digestion of 
sorghum foods and contribute to healthy foods for type II diabetes.  
These results suggest that certain specialty sorghum brans, specifically tannin 
sorghum brans may affect starch digestibility, which would be beneficial for diabetic 
subjects. The data also suggest that tannin sorghum brans should be consumed by those 
who want to slow the rate of digestion and improve their health.  
 52
 
CHAPTER VI 
EFFECTS OF SORGHUM SORGHUM BICOLOR (L.) MOENCH PHENOLS ON 
RESISTANT STARCH (RS) CONTENTS AND STARCH DIGESTIBILITY OF 
PORRIDGES 
 
RS intake in the US is much lower than in Europe and Australia (National Starch 
2006). Substituting RS for flour in foods is an effective strategy for reducing the 
glycemic and insulin impact of foods. Moreover, a number of RS-containing ingredients 
are commercially available today. However, there are no starch products designed with 
the goal of reducing the rate and extent of starch digestion with increased RS amounts by 
using food components, such as phenolics. 
The objective was to decrease starch digestibility and increase RS in porridges 
using specialty sorghum phenolics. Corn starch, whole sorghum flours, and hi-maize 
(high amylose corn) starch was cooked with sorghum bran extracts. 
Results 
Brans of sorghum varieties were extracted with 70% aqueous acetone to remove 
extractable phenols. Fig. 23 and 24 show total amounts of phenols and tannins of 
sorghum brans before and after 70% aqueous acetone extraction. Extraction removed 69-
100% (db) of the total phenols from all sorghum brans (Fig. 25); 92.4-96.6% (db) of 
tannins from tannin sorghum brans (Fig. 26).  
 
 
 
 
 
 
 
 
 
  
53
 
4.3d
24.0b
15.0c
40.3a
0.0C
4.6B4.6B
7.2A
0
5
10
15
20
25
30
35
40
45
white high tannin black black with
tannin
To
ta
l P
he
no
ls
 (m
g/
g 
ga
lli
c 
ac
id
)
bran
bran residue
 
Fig. 23. Total phenol contents (% db) of sorghum brans (bran) before and after 
extraction with 70% aqueous acetone (bran residue).  Values followed by the same 
uppercase letters are not significantly different (p<0.05), across all samples. Values 
followed by the same lowercase letters are not significantly different (p<0.05), 
across all samples.  
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Fig. 24. Tannin contents (% db) of sorghum brans (bran) before and after 
extraction with 70% aqueous acetone (bran residue). Values followed by the same 
uppercase letters are not significantly different (p<0.05), across all samples. Values 
followed by the same lowercase letters are not significantly different (p<0.05), 
across all samples.  
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Fig. 25. Recovery (%db) of total phenols with 70% aqueous acetone extraction of 
sorghum brans. Values followed by the same letter are not significantly different 
(p<0.05). 
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Fig. 26. Recovery (%db) of tannins extracted with 70% aqueous acetone from 
sorghum brans. Values followed by the same letter are not significantly different 
(p<0.05). 
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Sorghum bran extracts in 70% aqueous  acetone are shown in Fig. 27. Tannin 
bran extract had significantly (p<0.05) higher solid contents than the other extracts, 
while black and black with tannin extracts had similar solid contents (Fig. 28).  
 
 
 
 
Fig. 27. Sorghum bran extracts in 70% aqueous acetone. From left to right, white, 
tannin, black, black with tannin sorghum bran extracts, respectively.  
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Fig. 28. Solid contents (%) of 70% aqueous acetone sorghum bran extracts after 
removal of acetone. Values followed by the same letter are not significantly 
different (p<0.05). 
 
 
 
In order to observe if the solvent used to extract phenolics from sorghum brans 
affected the starch structure, sorghum brans were observed under polarized light with 
bright light microscopy before and after 70% aqueous acetone extraction. Starch 
granules were intact with maltese crosses and bran fiber was undamaged (Figure 29).    
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Fig. 29. Selected sorghum brans observed under polarized light microscopy before and after 70% aqueous acetone 
extraction. SG: starch granules, C/T: cross and tube cells. Pictures were taken at 250X magnification.  
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The Starch Digestibility of Corn Starch Porridges Cooked with Sorghum Bran 
Extracts Obtained by Different Solvents 
Distilled water, absolute methanol, 70% aqueous acetone, and 70% aqueous 
ethanol were used to remove sorghum phenols (Chapter III, Materials and Methods). 
Extracts were cooked with corn starch (3.1 g, dry basis) in a rapid visco-analyzer (RVA).  
Digestibility of corn starch porridges made with white bran extracts was similar 
among the solvents (Fig. 30).  
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Fig. 30. Starch digestibility (%db) of corn starch porridges cooked with white 
sorghum bran extracts obtained with different solvents.  
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Aqueous acetone is commonly used for tannin extractions in fruits and sorghums 
(Garcia-Viguera et al 1998, Awika and Rooney 2004). The lowest starch digestibility of 
corn starch porridges was obtained by 70% aqueous acetone extractions (Fig. 31).  
 
 
0
10
20
30
40
50
60
70
80
90
100
30 60 90 120 150 180
time (min)
D
ig
es
te
d 
to
ta
l s
ta
rc
h 
(%
)
70% aq. acetone
corn starch
70% aq. ethanol
absolute methanol
Fig. 31. Starch digestibility (%db) of corn starch porridges cooked with tannin 
sorghum bran extracts obtained with different solvents.  
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Starch digestibility of corn starch porridges containing black bran extracts (Fig. 
32) had differences among the solvents.  
 
 
 Fig. 32. Starch digestibility (%db) of corn starch porridges cooked with black 
sorghum bran extracts obtained with different solvents.  
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Starch digestibility of corn starch porridges made with black-tannin bran extracts 
(Fig. 33) had differences among the solvents.  
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Fig. 33. Starch digestibility (%db) of corn starch porridges cooked with black with 
tannin sorghum bran extracts obtained with different solvents.  
 
 
Seventy percent (70%) aqueous acetone for tannin bran, and absolute methanol 
for black and black with tannin brans were the best solvents, because the most reduction 
in starch digestibility of corn starch porridges were obtained with those solvents for each 
type of sorghum brans. However, 70% aqueous acetone was used for phenol extractions 
of sorghum brans for the remaining investigations to be consistent. The water remaining 
after acetone removal did not affect enzyme hydrolysis of corn starch porridges (data not 
shown). 
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The Effects of Double Cooking-cooling Cycles on Digestibility of Corn Starch 
Porridg
estion could be modified. Single cooked corn starch 
porridg
nd called double cooked corn starch 
ts on Starch Digestibility 
of Dou
y than whole white sorghum porridges cooked with distilled water (Fig. 
38, Table B-II). 
 
es 
Some studies (Skrabanja and Kreft, 1998, Berry 1986; Bjorck and others 1990, 
Mann and Toeller 2001) showed that multi cooking-cooling cycles could modify 
gelatinization processes, increase retrogradation, and consequently increase levels of 
resistant starch (RS3). In our study, corn starch went through double cooking-cooling 
cycles with varying amounts of water (Chapter III, Materials and Methods, Appendix  
Table C-I) to investigate if starch dig
es were used as controls.  
Double cooking with limited water at first cooking significantly (p<0.05) 
decreased starch digestibility, EGI, and increased RS contents compared to single 
cooking (Fig. 34, 35, 36, Table B-I). Therefore, all porridges were made with double 
cooking with limited water at first cooking, a
porridges (Chapter III, Materials and Methods).   
The Effects of 70% Aqueous Acetone Sorghum Bran Extrac
ble Cooked Ground Whole Sorghum Grain Porridges 
Ground whole sorghums were cooked with distilled water (Fig. 37) and 70% 
aqueous acetone sorghum bran extracts. Ground whole sorghum porridges had 
significantly (p<0.05) lower starch digestibility than whole grain corn porridges. Whole 
specialty sorghum porridges cooked with distilled water had significantly (p<0.05) lower 
starch digestibilit
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Fig. 34. Starch digestibility (%db) of double cooked corn starch porridges.  Values 
followed by the same letter are not significantly different (p<0.05). 
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Fig. 35. EGIs of double cooked corn starch porridges. Values followed by the same 
letter are not significantly different (p<0.05). 
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Fig. 36. RS (%db) of double cooked corn starch porridges. Values followed by the 
same letter are not significantly different (p<0.05). 
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Fig. 37. Double cooked ground whole corn and sorghum porridges cooked with 
distilled water.  
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Fig. 38. Starch digestibility (%db) of double cooked ground whole sorghum and 
corn porridges made with distilled water. Values followed by the same letter are 
not significantly different (p<0.05). 
 
  
69
 
Ground whole sorghum porridges cooked with sorghum bran extracts showed 
significantly lower starch digestibility compared to ground whole corn porridges cooked 
with 70% aqueous  acetone corn bran extracts (Fig. 39, Appendix Table B-III). Cooking 
ground whole sorghums with their corresponding bran extracts significantly (p<0.05) 
decreased starch digestibility of the porridges (except whole white sorghum) compared 
to those cooked with distilled water (Table B-III).  
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Fig. 39. Starch digestibility (%db) of double cooked ground whole sorghum grain 
porridges made with 70% aqueous acetone sorghum bran extracts. Values followed 
by the same letter are not significantly different (p<0.05). 
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Whole sorghum porridges cooked with distilled water had significantly (p<0.05) 
lower EGIs than those of whole corn porridges (Fig. 40). Only black with tannin 
sorghum porridges cooked with distilled water had significantly (p<0.05) lower EGIs 
than whole white sorghum porridges cooked with distilled water (Fig. 40).  
Whole sorghum porridges cooked with their bran extracts had significantly 
(p<0.05) lower EGIs than whole corn porridges cooked with corn bran extract. Cooking 
whole specialty sorghum varieties with their corresponding bran extracts significantly 
(p<0.05) decreased EGIs compared to whole white sorghum porridges cooked with 
white sorghum bran extracts. Whole tannin porridges cooked with its bran extracts had 
the lowest EGIs, followed by whole black with tannin and black sorghum porridges (Fig. 
40). 
Addition of specialty sorghum bran extracts to their whole grain porridges 
significantly (p<0.05) decreased EGI values compared to the porridges cooked with 
distilled water (Fig. 40).  
Whole tannin, black with tannin and black sorghum porridges cooked with 
distilled water had significantly (p<0.05) higher RS content than white sorghum 
porridges cooked with distilled water (Fig. 41).  
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Fig. 40. EGIs of double cooked ground whole sorghum grain porridges made with 
distilled water versus 70% aqueous  acetone sorghum bran extracts. Values 
followed by the same uppercase letters are not significantly different (p<0.05), 
across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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Cooking whole specialty sorghum with their bran extracts significantly (p<0.05) 
increased RS content by 2-7 times compared to their porridges cooked with distilled 
water.  
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Fig. 41. RS (%db) contents of double cooked ground whole sorghum grain 
porridges made with distilled water versus 70% aqueous  acetone sorghum bran 
extracts. Values followed by the same uppercase letters are not significantly 
different (p<0.05), across all samples. Values followed by the same lowercase letters 
are not significantly different (p<0.05), across all samples.  
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Whole tannin and black with tannin sorghum porridges cooked with their bran 
extracts had significantly (p<0.05) higher RS values than whole black sorghum 
porridges cooked with black bran extracts (Fig. 41).  
The Effects of Zein Protein on Starch Digestibility of Double Cooked Corn Starch 
Porridges Made with 70% Aqueous Acetone Sorghum Bran Extracts 
Corn (zein) and sorghum (kafirin) prolamins were the least digestible proteins. 
However, low protein digestibility of tannin sorghum was attributed to the presence of 
tannins that bind protein and reduced digestibility (Chibber et al 1980). On the other 
hand, other studies showed that tannin free sorghum varieties still showed lower protein 
digestibility compared to other cereals (Axtell et al 1981, Hamaker et al 1986, Rom et al 
1992). So corn starch, zein protein, and sorghum bran extracts were used to make 
porridges to investigate the effects of zein protein and phenolic compounds on 
digestibility of corn starch porridges.  
Zein protein significantly (p<0.05) decreased the digestibility of corn starch 
porridges. However, corn starch porridges cooked with zein protein and white bran 
extracts had significantly (p<0.05) lower starch digestibility than corn starch porridges 
made with zein and specialty sorghum bran extracts (Fig. 42, Table B-IV).  
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Bran extracts rich in tannins and anthocyanins significantly (p<0.05) decreased 
starch digestibility of corn starch porridges (Fig. 43, Table B-V).  
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Fig. 43. Starch digestibility (%db) of 70% aqueous  acetone sorghum bran extracts 
of double cooked corn starch porridges without zein.  Values followed by the same 
letter are not significantly different (p<0.05). 
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Zein protein significantly (p<0.05) decreased EGIs of corn starch porridges. 
However, corn starch cooked with zein and white bran extract had significantly (p<0.05) 
lower EGIs than corn starch cooked with zein and specialty sorghum bran extracts.  
When corn starch was cooked with only 70% aqueous acetone sorghum bran 
extracts, tannin, black with tannin and black sorghum bran extracts significantly 
(p<0.05) decreased EGIs of corn starch porridges (Fig. 44). 
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Fig. 44. EGIs of double cooked corn starch porridges made with zein protein and  
70% aqueous  acetone sorghum bran extracts (corn starch: zein ratio of 85:15) 
versus those made with only 70% aqueous  acetone sorghum bran extracts. Values 
followed by the same uppercase letters are not significantly different (p<0.05), 
across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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Fig. 45. RS contents of double cooked corn starch porridges made with zein protein 
and  70% aqueous  acetone sorghum bran extracts (corn starch: zein ratio of 85:15) 
versus those made with only 70% aqueous  acetone sorghum bran extracts. Values 
followed by the same uppercase letters are not significantly different (p<0.05), 
across all samples. Values followed by the same lowercase letters are not 
significantly different (p<0.05), across all samples.  
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Corn starch porridges cooked with black and black with tannin bran extracts had 
similar EGIs, while tannin bran extract porridges had the lowest EGIs (Fig. 44). 
Specialty sorghum bran extracts significantly (p<0.05) increased RS contents of 
corn starch porridges (Fig. 45).  
The Effects of Sorghum Bran Residue (remaining bran after 70% aqueous acetone 
extraction) on Double Cooked Starch Digestibility of Corn Starch Porridges  
White sorghum bran residues significantly (p<0.05) increased starch digestibility, 
while tannin and black with tannin bran residue significantly (p<0.05) decreased starch 
digestibility of corn starch porridges. (Fig. 46). 
Specialty sorghum bran residues seemed to inhibit starch digestibility by 
inhibiting digestive enzymes after 90 min of digestion (Fig. 46).  
While black with tannin bran residue significantly (p<0.05) reduced EGIs of corn 
starch porridges, other bran residues did not significantly (p<0.05) affect the EGIs of 
corn starch porridges (Fig. 47). However, RS contents of corn starch porridges cooked 
with tannin bran residues had significantly (p<0.05) higher amounts than the other 
porridges (Fig. 48, Table B-VI).  
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Fig. 46. Starch digestibility (%db) of double cooked corn starch porridges made 
with 70% aqueous acetone sorghum bran residue (corn starch: bran residue ratio 
of 85:15).  Values followed by the same letter are not significantly different 
(p<0.05). 
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Fig. 47. EGIs of double cooked corn starch porridges made with 70% aqueous  
acetone sorghum bran residue (corn starch: bran residue ratio of 85:15). Values 
followed by the same letter are not significantly different (p<0.05). 
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Fig. 48. RS (%db) of double cooked corn starch porridges made with 70% aqueous 
acetone sorghum bran residue (corn starch: bran residue ratio of 85:15). Values 
followed by the same letter are not significantly different (p<0.05). 
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The Effects of 70% Aqueous Acetone Sorghum Bran Extracts on Digestibility of 
Double Cooked High Amylose Corn Starch Porridges 
High-maize 260 (high amylose corn) starch is resistant to stomach acids and 
digestive enzymes. Due to its high resistant starch content, hi-maize starch helps to 
manage blood glucose levels and balance energy between meals (National starch 2006). 
Sorghum bran extracts (except white bran) significantly (p<0.05) decreased overall 
starch digestibility, EGIs and increased RS contents of high amylose corn starch 
porridges. The most reduction in starch digestibility (Fig. 49, Table B-VII), EGIs (Fig. 
50) and increase in RS (Fig. 51) of porridges were achieved with tannin bran extracts, 
followed by black with tannin and black bran extracts.  
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Fig. 49. Starch digestibility (%db) of double cooked high amylose corn starch 
porridges made with 70% aqueous acetone sorghum bran extracts.  Values 
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Fig. 50. EGIs of double cooked high amylose corn starch porridges made with 70% 
aqueous acetone sorghum bran extracts. Values followed by the same letter are not 
significantly different (p<0.05). 
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Fig. 51. RS (%db) of double cooked high amylose corn starch porridges made with 
70% aqueous acetone sorghum bran extracts. Values followed by the same letter 
are not significantly different (p<0.05). 
 
 
 
Discussion 
Brans of the sorghum varieties contained approximately two fold more total 
phenols and condensed tannins than the whole sorghum grain, which shows that 
phenolic compounds in sorghum are highly concentrated in outer layers of the grain as 
reported (Awika and Rooney 2004, Beta et al 2000, Hahn et al 1984, Hahn and Rooney 
1986).  
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Comparison of Starch Digestibility of Corn Starch Porridges Cooked with Sorghum 
Bran Extracts Obtained by Different Solvents 
Since most of the phenolic compounds were concentrated in the bran of the 
sorghum varieties, extraction of phenols from bran was an effective way of 
concentrating these compounds.  
Organic polar solvents were good choices to extract phenols from sorghum 
brans, while, distilled water was not effective. The highest solid contents of the bran 
extracts were obtained with 70% aqueous acetone for tannin and white brans and 
absolute methanol for black and black with tannin brans.  
The coexistence of several biopolymers in the cell walls, their spatial 
organization, and the nature of interactions (cross-linking) among them might contribute 
to the mechanical strength, permeability, and solubility, and therefore to 70% aqueous 
acetone extraction yield. Sorghum bran extraction with 70% aqueous acetone removed 
most of the tannins.  
  The interaction of organic solvents with phenols occurs via van der Waals 
forces and hydrogen bonding (Dicko et al 2006). After removal of the solvent, the 
aqueous medium contained the phenols. More solids in the extracts were obtained from 
the brans of sorghum varieties with high total phenols and tannin contents.  
Sorghum brans had between 25.5-52.7% of total starch. In general sorghum 
brans have approximately 30-40% fiber, 10% protein, 10% crude fat and 3% ash 
(Gordon 2001). During 70% aqueous acetone extraction, fiber and starch were intact. 
However, during extraction, some fats might have migrated into sorghum bran extracts. 
Therefore, sorghum bran extracts had phenols and some lipids.   
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The Effects of Double Cooking-cooling Cycles on Digestibility of Corn Starch 
Porridges 
Corn starch gelatinizes between 62-72 oC with excessive water which ensures 
full starch gelatinization. Gelatinization is restricted if water is limiting (Tester et al 
2004). Gelatinized starch becomes more susceptible to enzymes. In limited water 
systems, starch granules were slightly swollen and internal structure is partly intact (data 
not shown). Sievert and Pomeranz (1990) reported that starch: water ratio of 1: 3.5 
(w/w) increased formation of RS. Our findings also showed that with two cooking-
cooling cycles, starch: water ratio of 1: 3.5 (w/w) at first cooking was associated with a 
decrease in starch digestibility, and an increase in RS in porridges.  
Upon cooling, amylose retrogradation occurs. However, when corn starch was 
cooked with reduced water (3 g starch in 12 ml water) most starch granules were 
gelatinized, with some intact granules. Addition of more distilled water (13 ml) at 
second cooking-cooling and with some bound water from first cooking-cooling, 
completed dispersion of gelatinized starch granules. We hypothesized that during the 
second cooking, retrograded amylose from the first cooking was melted and dispersed 
together with amylopectin in the porridges, and upon cooling more retrogradation took 
place, which increased the degree of crystallinity and RS formation in corn starch 
porridges. Double cooking increased RS and decreased starch digestibility and EGIs in 
the porridges.   
The Effects of 70% Aqueous Acetone Sorghum Bran Extracts on Starch Digestibility 
of Double Cooked Whole Sorghum Grain Porridges 
In sorghum endosperm, like other cereals, the starch granules and protein bodies 
are embedded in a continuous protein matrix in the peripheral and corneous areas. Some 
researchers (Hamaker and Bugusu 2003, Zhang and Hamaker 1998, Duodu et al 2003) 
observed that sorghum kafirins formed resilient web or sheet-like structures due to 
formation of disulfide cross links within and possibly between, protein bodies during 
cooking. This interferes with accessibility of gelatinized starch by digestive enzymes. 
This study showed that whole sorghum porridges had significantly (p<0.05) lower starch 
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digestibility than whole corn porridges. Whole tannin, black, and black with tannin 
sorghum porridges had significantly lower starch digestibility than whole white sorghum 
porridges.  
Porridges were prepared under high moisture (85-88%), temperatures (≤ 95 oC), 
and high shear. Mixing, high moisture and high shear enhance molecular interactions, 
particularly those of condensed tannins with protein and other phenolic compounds 
(Ngwenya 2007). Thus protein denatured by cooking had open loose structures which 
promoted phenols-protein interactions. The hydrophobic interactions likely 
predominated at elevated temperatures during porridge cooking. When the porridge 
cooled, hydrogen bonds were re-formed, and reinforced the hydrophobic interactions as 
mentioned by Verge et al (2002).  
After cooking, pepsin and alpha-amylase digestion were applied to sub-sampled 
porridges during starch digestion assays. Pepsin preferentially cleaves peptide bonds 
with aromatic amino acids (Schnaith 1989), thus effectively disrupting hydrophobic 
regions of the protein, phenolic compounds, specifically tannins may be released into 
solution during enzyme digestion. This could inhibit alpha amylase activity, resulting in 
decreased starch digestibility, EGI, and increased RS contents of the porridges.  
During pepsin digestion, de-polymerization of tannins may occur due to low pH 
pepsin buffer (KCl-HCl, pH 1.5). The free depolymerized polymers of tannins inhibited 
alpha amylase and interacted with the other phenolics such as anthocyanins. Then when 
alpha amylase was added to the porridges, higher pH of the amylase buffer (Tris maleate 
buffer, pH 6.9) caused polymerization (Porter 1992) of the phenols and tannins. At the 
same time, alpha-amylase hydrolyzed gelatinized starch, and may have released some 
phenols entrapped in the food matrix. Consequently, phenolic compounds mostly 
inhibited alpha-amylase, and lowered starch digestibility, EGI and increased RS contents 
of the porridges.  
Black with tannin sorghum porridges had lower starch digestibility than tannin 
and black sorghum porridges. Since, in aqueous environments and in the presence of 
amylase buffer with high pH, polymerization occurs between tannin molecules or with 
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other phenolics such as anthocyanins (Remy et al 2000, Wieser 2007), the combined 
effects of tannins and anthocyanins on enzyme inhibition likely lowered starch 
digestibility more.  
To fortify our findings that phenols decreased starch digestibility in whole 
sorghum porridges, we cooked whole sorghum grains with their corresponding bran 
extracts. Specialty sorghum bran extracts significantly (p<0.05) decreased starch 
digestibility of whole sorghum porridges even more (p<0.05). One hypothesis could be 
that the excessive amounts of free phenols would increase enzyme inhibition, 
interactions/entangling with soluble gelatinized starch and denatured protein. This would 
result in decreased starch digestibility, EGI, and increased RS contents of whole 
sorghum porridges cooked with specialty sorghum bran extracts. As mentioned before, 
at high pH, during alpha-amylase digestion, polymerization of phenolic compounds 
could occur.  
To understand if phenols were inhibiting the enzymes, we applied increasing 
concentrations of alpha amylase during starch digestion to corn starch porridges cooked 
with 70% aqueous acetone sorghum bran extracts. Increased enzyme concentration 
caused higher starch digestibility of the porridges at 30 min of digestion (RDS), 
however, after that it remained constant over the digestion period (data not shown). This 
clearly showed that phenols in sorghum varieties inhibit enzyme activity.  
The higher amounts of phenolics in sorghum varieties resulted in higher amounts 
of RS content.  
The Effects of Zein Protein on Starch Digestibility of Double Cooked Corn Starch 
Porridges Made with 70% Aqueous Acetone Sorghum Bran Extracts 
Zein in corn is similar to kafirins in sorghum, because they both are high in 
proline residues (Kitts and Weiler 2003). Thus zein was used to investigate the effect of 
sorghum phenols in the presence of prolamin proteins.  
Re-association of gelatinized starch occurs almost immediately after 
gelatinization. Stable hydrogen bonding between linear segments of amylose occur post 
gelatinization in most food processes (Wu et al 1992), and polymers of gelatinized starch 
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immediately associate with other components in the food system. This often decreases 
solubilization and increases enzyme resistance of starch. In the presence of zein, corn 
starch interacted with zein upon gelatinization, resulting in significantly (p<0.05) lower 
starch digestibility and EGI of the porridges without changing RS content of the corn 
starch porridges.   
Phenols have strong affinity for proteins high in proline content like the 
prolamins (Scalbert et al 2000, Emmambux and Taylor 2003). 
When specialty sorghum bran extracts were used to cook corn starch and zein.   
Phenols preferentially interacted with zein proteins which led to increased starch 
digestibility. High temperature (up to 95 oC) and shear, generated during porridge 
cooking, denatured protein, likely reduced protein-protein and starch-protein 
associations, thus facilitating zein interactions with phenolic polymers, which increased 
accessibility of gelatinized starch by enzymes. In the absence of phenolic compounds 
(white sorghum bran extract), zein encapsulated gelatinized starch, making it less 
susceptible to enzymes. This resulted in lower starch digestibility and EGI than corn 
starch cooked with only white bran extracts.   
The combination of starch-phenols-zein in the system overcame the effect of 
phenols on starch digestibility, because zein complexed with the phenols.    
The Effects of Sorghum Bran Residue (remaining bran after 70% aqueous  acetone 
extraction) on Starch Digestibility of Corn Starch Porridges 
Specifically, corn starch porridges made with black sorghum bran residues had 
significantly (p<0.05) higher RDS than the porridges made with other sorghum bran 
residues. This was caused by the larger particle size and different physical structure of 
black sorghum brans, which were visually supported by bright field microscopy.  
Soluble fiber has ability to decrease enzyme diffusion by increasing viscosity of the 
surroundings. Since sorghum bran is mainly insoluble fiber (Gordon 2001), the larger 
particles of black brans interfered with re-association of starch chains, causing weaker 
gels. This increased diffusion of the enzymes into porridges, producing higher starch 
digestibility.  
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While black with tannin bran residue significantly (p<0.05) reduced EGIs of corn 
starch porridges, other bran residues did not significantly (p<0.05) affect EGIs of corn 
starch porridges. Combined effect of tannins and anthocyanins caused lower starch 
digestibility and EGI of the corn starch porridges. 
 Enzyme inhibition was observed after 90 min of digestion. This was due to 
enzyme inhibition by phenolic compounds (with 70% aqueous acetone extraction) in the 
bran residues. However, RS contents of corn starch porridges were not significantly 
(p<0.05) affected by sorghum bran residues.  
The Effects of 70% Aqueous Acetone Sorghum Bran Extracts on Digestibility of 
Double Cooked High Amylose Corn Starch Porridges 
Starch digestibility and EGIs significantly (p<0.05) decreased; RS contents 
significantly (p<0.05) increased in porridges cooked with 70% aqueous  acetone 
sorghum bran extracts, except white bran extract.  
High amylose corn starch (resistant starch) has been shown to help manage blood 
glucose levels and balance energy between meals. Typically, with heat and excess water, 
the semi-crystalline granules of normal starch will gelatinize, hydrate, and swell, 
producing a viscous paste. Gelatinization of hi-amylose starch occurs only under 
pressure cooking (>100 oC). The RVA used in this study had a maximum temperature of 
95-100 oC. So high amylose corn starch did not gelatinize and viscosity did not develop.  
In vivo studies showed that the replacement of 20% of the flour in bread with 
high amylose corn starch reduced the post-prandial plasma glucose level by 45% 
(National Starch 2006). Replacing high amylose corn starch with flour and using 
phenolic rich sorghum bran extracts as liquid medium in those products would increase 
health benefits of highly resistant high amylose corn starch to individuals with obesity 
and diabetes.  
Overall, the phenols of specialty sorghum varieties used in this study 
significantly affect the rate and extent of starch digestibility of porridges. Significantly 
(p<0.05) lower EGI and higher RS values were observed in porridges made with bran 
extracts containing high levels of phenols compounds. These results demonstrate that the 
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sorghum phenols, present mainly in the pericarp, have potential applications in food and 
pharmaceutical industries to decrease health problems related to type 2 diabetes and to 
reduce weight because of its reduced hydrolysis.  
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                                              CHAPTER VII 
SUMMARY AND CONCLUSIONS 
Phenolic compounds in the pericarp and testa of specialty sorghum varieties 
provided a unique opportunity to produce low EGI and high RS-containing palatable 
porridges with natural, attractive dark purple and red colors, with high levels of dietary 
fiber, and antioxidants. Whole sorghum grains had 3-22.5 mg/g gallic acid total phenols 
and 0-34.4 mg catechin eq./g  tannin contents. Their brans had 4.3-40.3 mg/g gallic acid 
total phenols and 0-75 mg catechin eq./g tannin contents.  
Seventy percent (70%) aqueous specialty sorghum bran extracts significantly 
(p<0.05) decreased starch digestibility of corn starch, enzyme resistant high amylose 
corn starch and whole sorghum porridges. The extracts significantly (p<0.05) decreased 
EGI values by 33%, 21%, 20% and increased RS contents by 1100%, 300%, and 15% of 
corn starch, whole sorghum, and high amylose corn starch porridges, respectively (Table 
III).      
Tannin sorghum varieties (hi-tannin and black with tannin) were most effective 
for lowering starch digestibility, and EGI and increasing RS contents of the porridges, 
when used as whole grains, brans, and bran extracts.  
Combined effects of tannins and anthocyanins in black with tannin sorghum 
variety significantly (p<0.05) decreased starch digestibility, and EGI, and increased RS 
contents of whole sorghum grain and bran added to endosperm porridges even more than 
other specialty sorghum varieties. However, black bran structure and its larger particle 
size distribution prevented anthocyanins from reducing EGI of porridges when they were 
added to hard and soft endosperm flours in the form of brans.  
All whole sorghum porridges had significantly (p<0.05) lower starch digestibility 
and EGI values than whole white corn porridges.  
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Table III 
EGI and RS Values of Different Foods Compared to Porridges Used in This Study* 
 
  EGI RS 
Porridges Used and Cooked Foods (average) (average)
High amylose Corn Starch  
Porridges cooked with water 70 47.0 
High-maize (high amylose corn) starch corn starch 
 Porridges cooked with specialty sorghum 
bran extracts 
56 54.0 
Double cooked corn starch porridges (water) 90 1.0 
Corn starch cooked with 
 specialty sorghum bran extracts 60 12.0 
Whole grain corn porridges cooked with water  100 0.1 
Whole specialty sorghum porridges cooked with 
water 87 1.2 
Whole specialty sorghum porridges cooked with  
specialty sorghum bran extracts 69 4.8 
hard endosperm cooked with water 99 0.2 
hard endosperm cooked with 
specialty sorghum bran (water) 99 0.4 
soft endosperm cooked with water 103 0.2 
soft endosperm cooked with  
specialty sorghum brans (water) 100 0.6 
Lentils* 42 6.8 
Chickpeas* 47 4.4 
Beans* 60 5.5 
Spagetti* 78 2.9 
Boiled potatoes* 99 1.0 
* National Starch (2006). 
 
 
When corn starch was cooked with zein protein in specialty sorghum bran 
extracts, zein complexed with the phenolic compounds, consequently, gelatinized starch 
was more available for the enzymes. This increased starch digestibility and EGI and 
decreased RS contents of the corn starch porridges. When we took each structural 
component (starch-protein-phenolics) apart in whole sorghum grain and cook together, 
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the effect of phenolic compounds was different on the starch digestibility compared to 
when they were cooked as whole grains. The other components of the grain such as, 
germ, peripheral endosperm and aleurone layer might affect starch digestibility of the 
whole sorghum porridges.  
Consumption of resistant starch is approximately 3-6 grams/day in the typical 
American diet (National Starch 2006). Natural high amylose resistant starch is becoming 
a popular food ingredient for flour substitution to increase insoluble fiber content of 
foods. The replacement of 20% of the flour in bread with high amylose corn starch (Hi-
maize 260) reduced the post-prandial plasma glucose level by 45% (National Starch 
2006). In our study, the amounts of RS in the porridges were strongly related to the 
amounts of phenols in sorghum varieties and their bran extracts.  
Different plant extracts have been used to reduce oxidative rancidity and improve 
shelf life of some meat and oil products (Koleva et al 2001). In the past, tannin brans 
were added to breads, tortillas, cookies, extrudates, and meat products for the same 
purpose as partial or complete substitutes for other cereals. 
However, this research distinguished specialty sorghum brans from the other 
sorghum varieties and white corn that their extracts have potentials to be used in 
starchy/sugary foods to reduce EGI and to increase RS contents to provide healthy 
benefits to individuals with obesity, diabetes, and healthy individuals as well.  
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Suggested future works should include: 
• In vitro methods to measure GI may prove helpful for the initial screening of 
specialty sorghum varieties or for the industrial development of foods; however, in 
accordance with the definition, the GI must be confirmed in vivo by clinical trials.  
• Screening other specialty sorghum varieties with phenolic compounds in a diversity 
of foods used as whole grains, brans and/or their bran extracts would help to better 
understand the effect of sorghum phenols on starch digestibility.   
• Removing fats from sorghum bran by hexane will eliminate the effect of lipids on 
starch digestibility.   
• Aqueous bran extracts could be further concentrated by freeze-drying and obtained 
as fine powder. This would permit use of the same amounts of the extracts from each 
type of bran in foods. However, incorporating into liquid systems can be challenging.  
• Developing an efficient milling procedure for sorghum brans to eliminate the 
structural differences to understand bran effects on starch digestibility of porridges.   
 
 96
LITERATURE CITED 
 
 
AACC International 2000. Approved Methods of the American Association of Cereal 
Chemists, 10th Ed. Methods 44-19 and 76-13. The Association: St Paul, MN. 
American Heart Association (AHA). 2008. Obesity and overweight-Statistics. 
http://www.americanheart.org/downloadable/heart/1197994908531FS16OVR08.
pdf.  
Asquith, T.N., Butler, L.G. 1986. Interactions of condensed tannins with selected 
proteins. Phytochem 25: 1591-1593. 
Asquith, T. N., Uhlig, J., Mehansho, H., Putman, L., Carlson, D. M., and Butler, L. 
1987. Binding of condensed tannins to salivary proline-rich glycoproteins: the 
role of carbohydrate. J. Agric. Food Chem. 35:331-334. 
Awika, J. M. and Rooney, L.W. 2004. Sorghum phytochemicals and potential impact on 
human health. Phytochemistry. 65:1199–1221. 
Bean, S., Ioerger, B.P. 2006. Protein composition and grain hardness in sorghum 
[abstract]. AACC International Meeting. Symposia Paper No. 124. 
Belitz, H. D. and Grosch, W. 1999. Food Chemistry, 2nd edn. Berlin: Springer. 
Bello, A. B., Rooney, L. W., and Waniska R. D. 1990. Factors affecting quality of 
sorghum Tộ, a thick porridge. Cereal Chem. 67(1):20-25. 
Beta, T., Rooney, L. W., Marovatsanga, L. T., and Taylor, J. R. N. 2000. Effect of 
chemical treatment on polyphenols and malt quality in sorghum. J. Cereal Sci. 
31: 295-302. 
Daiber, K.H. 1975. Enzyme inhibition by polyphenols of sorghum grain and 
Malt. J. Sci. Food and Agri. 26:1399–1411. 
Davis, A. B. and Hoseney, R. C. 1979. Grain sorghum condensed tannins. I. Isolation, 
estimation, and selective adsorption by starch. Cereal Chem. 56(4): 310-314. 
De Castro Palomino Siller, A. 2006. In vitro starch digestibility and estimated glycemic 
index of sorghum products. M.S. thesis, Texas A&M University, College Station, 
TX. 
 
 97
Dicko, M. H., Gruppen, Harry., Traoré, A. S.,  A. G. J. Voragen, and van Berkel, W. J. 
H. 2006. Review. Sorghum grain as human food in Africa: relevance of content 
of starch and amylase activities. African J. Biotechnology Vol. 5(5):384-395. 
Dicko, M.H., Gruppen, H., Traore, A.S., Voragen, A.G.J., and van Berkel, J.H. 2006. 
Phenolic compounds and related enzymes as determinants of sorghum for food 
use Biotechnol. Mol. Biol. Rev. 1:21-38. 
Duodu, K.G., Taylor, J.R.N., Belton, P.S., Hamaker, B.R. 2003. Factors affecting 
sorghum protein digestibility. J. Cereal Sci. 38: 117-131. 
Dykes, L., Rooney, L. W., Waniska, R. D., and Rooney, W. L. 2005. Phenolic 
compounds and antioxidant activity of sorghum grains of varying genotypes. J. 
Agric. Food Chem. 53: 6813-6818. 
Earp, C. F. and Rooney L. W. 1986. Fluorescence characterization of sorghum 
caryopsis. Food Microstructure 5:257–264. 
Earp, C. F., McDonough, C. M., Rooney, L. W. 2004. Microscopy of pericarp 
development in the caryopsis of Sorghum bicolor (L.) Moench. J. Cereal Sci. 
39:21-27. 
Emmambux, N. M., and Taylor, J. R. N. 2003 Sorghum kafirin interaction with various 
phenolic compounds. J. Sci. Food Agric. 83: 402-407. 
Englyst, H. N., and Cummings, J. H. 1985. Digestion of the polysaccharides of some 
cereal foods in the human small intestine. Am. J. Clin. Nutr. 42:778–87. 
Englyst, H. N., Kingman, S. M., Cummings, J. H. 1992. Classification and measurement 
of nutritionally important starch fractions. Eur. J. Clin. Nutr. 46:S33–S50. 
FAO. 2005. Sorghum bicolor. Food and Agricultural Organization (FAO). 
http://www.fao.org/. 
FGIS-GIPSA 2006. USDA. 1987. The official United States Standards for grain. 
Federal Grain Inspection Service, Inspection Division, U.S. Department of 
Agriculture, Washington, DC. An Open Access Journal published by ICRISAT. 
Goñi, I., Garcia-Diz, L., Manas, E., and Saura-Calixto, F. 1996. Analysis of 
resistant starch; a method for foods and food products. Food Chemistry 56; 445- 
 
 98
449. 
Goñi, I., Garcia-Alonso, A., Saura-Calixto, F. 1997. A starch hydrolysis procedure 
to estimate glycemic index. Nutrition Research 17; 427-437. 
Goode, D. and Arendt, E. K. 2003. Pilot scale brewing with unmalted sorghum. J.  
Institute of Brewing. 10:208-217. 
Gordon, D. T., Topp, K., Shi, Y. C., Zallie, J., and Jeffcoat, R. 1997. Resistant starch: 
physical and physiological properties. In: New Technologies for Healthy Foods 
& Nutraceuticals. M. Yalpani, Ed. ATL Press, Inc. Science Publishers, 
Shrewsbury, MA. 
Gordon, L.A. 2001. Utilization of sorghum brans and barley flour in bread. M.S. Thesis, 
Texas A&M University, College Station, Tx. 
Hahn, D.H., and Rooney, L.W. 1986. Effect of genotype on tannins and phenols of 
sorghum. Cereal Chem. 63: 4-8. 
Hahn, D. H., Rooney, L. W., and Earp, C. F. 1984. Tannins and phenols of sorghum. 
Cereal Foods World. 29: 776-779. 
Hale, W. H. 1973. Influence of processing on the utilization of grains (starch) by 
ruminants. J. Anim. Sci. 37:1075. 
Hamaker, B.R., and Bugusu, B. 2003. Overview: Sorghum Proteins and Food Quality.” 
Workshop on the Proteins of Sorghum and Millets, Enhancing Nutritional and 
Functional Properties for Africa. AFRIPRO, EU funded project, University of 
Pretoria, Pretoria, South Africa, April 2003.  
Haslam, E. 1996. Natural polyphenols (vegetable tannins) as drugs: possible modes of 
action. J. Natural Products. 59:205-215. 
Jankowski, A., Jankowski , B., and Niedworok, J. 2000. The influence of anthocyanin 
dye from grapes on experimental diabetes. Folica Medica Cracoviensia. 41:5–15.  
Jarvi, B. E. K., Granfeldt, Y. E., Bjorck, I. E., Asp, N. G., and Vessby, B. O. 1999. 
Improved glycemic control and lipid profile and normalized fibrinolytic activity 
on a low-glycemic index diet in type 2 diabetic patients. Diabetes Care 22:10-18. 
 
 99
Jenkins, D. J., Thomas, M. S. Wolever, R., Taylor, H. M., Barker, H., Fielden, H., 
Baldwin, J. M. Bowling, A. C., Newman, H. C., Jenkins, A. L., and Goff, D. V. 
1981. Glycemic index of foods: a physiological basis for carbohydrate exchange. 
The American J. Clinical Nutrition 34:362-366. 
Juge, N. and Svensson, B. 2006. Review. Proteinaceous inhibitors of carbohydrate active 
enzymes in cereals: implication in agriculture, cereal processing and nutrition. J. 
Sci. Food Agric. 86:1573–1586.  
Kaluza, W. Z., McGrath, R. M., Roberts, T. C., and Schroder, H. H. 1980. Separation of 
phenolics of Sorghum bicolor (L.) Moench grain. J. Agric. Food Chem. 28:1191-
1196. 
Karaivanova, M., Drenska, D., and Ovcharov, R. 1990. A modification of the toxic 
effects of platinum complexes with anthocyanins. Eksperimetnalna Meditsna I 
Morfologiia. 29(2):19–24. 
Kitts, D.D., and Weiler, K. 2003. Bioactive proteins and peptides from food sources. 
Application of bioprocesses used in isolation and recovery. Current 
Pharmaceutical Design 9: 1309-1323. 
Lietti, A., Cristoni, A., & Picci, M. 1976. Studies of Vaccinium myrtillus 
anthocyanosides. I. Vasoprotective and anti-inflammatory activity. Arzneimittel-
Forschung. 26(5):829–832. 
Lund, E. K. and Johnson, I. J. 1991. Fermentable carbohydrate reaching the colon after 
ingestion of oats in humans. J. Nutr. 121:311-317. 
Mariscal-Landin, G., Avellaneda, J. H., Reis de Souza, T. C., Aguilera, A., Borbolla, G. 
A., Mar, B. 2004. Effect of tannins in sorghum on amino acid ileal digestibility 
and on trypsin (E.C.2.4.21.4) and chymotrypsin (E.C.2.4.21.1) activity of 
growing pigs. Ani. Feed Sci. and Tech. 117:3-4.  
Matuschek, E. and Svanberg, U. 2004. Enzymatic treatment of high-tannin sorghum 
increases the bioaccessibility of iron. Abstr Th37. Report of the 2004 
International Nutritional Anemia Consultative Group Symposium: Iron 
 
 100
Deficiency in Early Life: Challenges and Progress, Lima, Peru, p. 60. 
Washington, DC: INACG; available at http://inacg.ilsi.org/file/ 
McDonough, C. M. Awika, J. M., Turner, N. D., Xu, L., Rooney, L. W. 2004. The 
potential for use of antioxidants from sorghum bran in foods as countermeasures 
against radiation damage in space. AACC Annual Meeting Abstracts, 2004; 
URL: http://www.aaccnet.org/meetings/2004/abstracts/a04ma391. htm. 
Naczk, M., Grant, S., Zadernowski, R., and Barre, E. 2006. Protein precipitating  
capacity of phenolics of wild blueberry leaves and fruits. Food Chem. 96 
(4):640-647. 
National Starch 2006. Glycemic Index (GI): Driving Sales and Market Share with Slow 
Carbohydrates. Rhonda S. Witwer, Business Development Manager, Nutrition.  
Nip, W. K. and Burns, E. E. (1969). Pigment characterization in grain sorghum. I. Red 
varieties. Cereal Chem. 46:490–495. 
Nip, W. K. and Burns, E. E. (1971). Pigment characterization in grain sorghum. II. 
White varieties. Cereal Chem. 48:74–80. 
Ngwenya, N. R. 2007. Effect of sorghum type and and processing on antioxidant 
properties of Sorghum [Sorghum bicolor (L.) Moench] based foods. Texas A&M 
University, College Station, Tx.  
Nyamambi, B.,  Ndlovu ,L. Read, R. J. S., and Reed, J. D. 2000. The effects of sorghum 
proanthocyanidins on digestive enzyme activity in vitro and in the digestive tract 
of chicken J. Sci. Food and Agri. 80(15):2223 – 2231. 
O'dea, K. and Holm, J. 1985. Rate of starch hydrolysis in vitro as a predictor for 
metabolic responses to complex carbohydrate in vivo. Am. J. Clin Nutr. 34:1991-
1993. 
Oliveira, S. G., Berchielli,T. T., dos Santos Pedreira, Primavesi, M., Frighetto, O. R., 
and Lima, M. A. 2007. Effect of tannin levels in sorghum silage and concentrate 
supplementation on apparent digestibility and methane emission in beef cattle. 
Animal Feed Sci. and Tech. 135(3-4): 236-248.  
Pi Sunyer, F. X. 2002. Glycemic index and disease. Am. J. Clin. Nutr. 76(1):290-298.   
 
 101
Porter, L.J. 1992. Structure and Chemical properties of the condensed tannins. Pages 
245-257 in: Plant polyphenols: Synthesis, properties, significance. Hemmingway, 
R.W.and Laks, P. E., eds. Plenum Press: New York, NY. 
Price, M. L. and Butler, L. G. 1977. Rapid Visual Estimation and Spectrophotometric 
Determination of Tannin Content of Sorghum Grain. J. Agric. Food Chem. 25(6): 
1268-1273. 
Price, M. L., Van Scoyoc, S., and Butler, L. G. 1978. A critical evaluation of the vanillin 
reaction as an assay for tannin in sorghum grain. J. Agric. Food Chem. 26:1214-
1218. 
Prior, R. L., Wu, X., Hagar, T., Hagar, A., Howard, L. 2007. Anthocyanins: Do they 
really prevent obesity? [abstract]. The FASEB Journal. 21(6):103. 
Remy, S., Fulcrand, H., Labarbe, B., Cheynier, V., and Moutounet, M. 2000. First 
confirmation in red wine of products resulting from direct anthocyanin-tannin 
reactions. J. Sci. Food Agric. 80: 745-751. 
Riedl, K. M., and Hagerman, A. E. 2001. Tannin-protein complexes as radical 
scavengers and radical sinks. J. Agric. Food Chem. 49:4917-4923. 
Riley, J. G. 1984. Comparative feedlot performance of corn, wheat, milo and barley. 
Proc. Feed Util. Symp. Texas Tech Univ., Lubbock. 
Ring, A. S. Waniska, R. D., and Rooney, L. W. 1988. Phenolic compounds in different 
sorghum tissues during maturation. Biomass 17(1):39-49. 
Rooney, L. W. and J. K. Riggs. 1971. Utilization of sorghum. In: Grain Sorghum 
Research in Texas. PR-2945 and 2946. Texas Agr. Exp. Sta., College Station. 
Rooney, L. W. and R. D. Sullins. 1973. The feeding value of waxy and nonwaxy 
sorghum grains as related to endosperm structure. Proc. 28th Corn and Sorghum 
Res. Conf. pp 15-29. Amer. Seed Trade Assoc., Washington, DC. 
Rooney, L. W. and Miller, F. R. 1982. Variation in the structure and kernel 
characteristics of sorghum. Pages 143-162 in: Proceedings of the International 
Symposium on Sorghum Grain Quality. L. W. Rooney and D. S. Murty, eds. 
ICRISAT: Patancheru, India. 
 
 102
Rooney, L. W. and Pflugfelder, R. L. 1986. Factors affecting starch digestibility with 
special emphasis on sorghum and corn. J. Anita. Sci. 63:1607-1623. 
Rooney, L. W. and Waniska, R. D. 2000. Sorghum Food and Industrial Utilization. 
Pages 689-717 in Sorghum: Origin, History, Technology and Production, 1st 
edition. C. Wayne Smith and R. A. Fredericksen, eds. John Wiley and Sons: New 
York. 
Scalbert, A., Deprez, S., Mila, I., Albrecht, A., Huneau, J., and Rabot, S. 2000. 
Proanthocyanidins and human health: Systemic effects and local effects in the 
gut. BioFactor 13: 115-120. 
Schnaith, E. 1989. Determination of the pepsin activity in human gastric juice, using 
defined oligopeptides as substrates. Clinical Biochemistry 22: 91-98. 
Serna-Saldivar, S., and Rooney, L. W. 1995. Structure and Chemistry of sorghum and 
millets. Pages 69-124 in Sorghum and Millets: Chemistry and Technology, 1st 
edition. D.AV. Dendy, ed. American Association of Cereal Chemists, Inc.: St 
Paul, MN. 
Taylor, J., Bean, S. R., Ioerger, B. P., and Taylor, J. R.N. 2007. Preferential binding of 
sorghum tannins with γ-kafirin and the influence of tannin binding on kafirin 
digestibility and biodegradation. J. Cereal Sci. 46 (1):22-31. 
Tester, R. F., Karkalas, J., and Qi, X. 2004. Starch structure and digestibility. Enzyme-
substrate relationship. J. World Poultry Sci. 60(2):186–95. 
Thompson and Yoon, L. U., J. H. 1984. Starch digestibility as affected by polyphenol 
and phytic acid. J. Food Sci 49:1228–1229. 
Tsuda, T. 2003. Regulation of adipocyte function by anthocyanins; possibility of 
preventing the metabolic syndrome. J. Agri. and Food Chem. 56(3):642-646. 
Turner, N.D., Diaz, A., Taddeo, S.S., Vanamala, J., McDonough, C.M., Dykes, L., 
Murphy, M.E., Carroll, R.J. and Rooney, L.W. 2006. Bran from black or brown 
sorghum suppresses colon carcinogenesis. Experimental Biology: Advancing the 
Biomedical Frontier, San Francisco, CA. #394.6.  
 
  
103
http://www.eb2006-nline.com/pdfs/006564.PDF?PHPSESSID=3384411635c50b 
c0ea6bdd8f67ecf. 
Verge, S., Richard T., Moreau, S., Richelme-David, S., Vercauteren, J. Prome, J. and 
Sievert, D., and and Pomeranz, Y. 2002. Enzyme-Resistant Starch. II. 
Differential Scanning Calorimetry Studies on Heat-Treated Starches and 
Enzyme-Resistant Starch Residues. Cereal Chem. 67(3):217-221. 
Wieser, H. 2007. Chemistry of gluten proteins, Food Microbiology 24: 115-119. 
Wolever, T. M., Bolognesi, C. 1996. Prediction of glucose and insulin responses of 
normal subjects after consuming mixed meals varying in energy, protein, fat, 
carbohydrate and glycemic index. J. Nutr. 126:2807–2812. 
Wu, J.Y.; Bryant, R.G.; Eads, T.M.  Detection of solidlike components in starch using 
cross-relaxation and Fouier transform wide-line 1H NMR methods. 
J-Agric-Food-Chem. v. 40 (3) p. 449-455, 1992. 
Zhang, G. and Hamaker, B.R. 1998. Low alpha-amylase starch digestibility of cooked 
sorghum flours and the effect of protein. Cereal Chem. 75:710-713. 
 APPENDIX A 
 
THE EFFECTS OF SPECIALTY SORGHUM BRAN ON STARCH DIGESTIBILITY OF SOFT AND HARD 
SORGHUM ENDOSPERM FLOUR PORRIDGES 
 
 
TABLE A-I 
 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Pure Ground 
Endosperm Porridges* 
 
      time               
   (min)        
Porridges 30 60 90 120 150 180 Cinf* k* RDS* SDS* 
Hard endosperm 
 
65.1a 76.2a 77.2a 78a 78a 78a 78a 0.06a 65.1a 78a 
Soft endosperm 62.4a 79.4a 84.7b 86.4b 87.02b 87.2b 87.2b 0.05a 62.4a 87.2b 
*Values within each column with different letters are significantly different at P<0.05. 
*Cinf: the equilibrium percentage of starch hydrolyzed after 180 min, k: the kinetic constant, RDS: rapidly digested    
starch, SDS: slowly digested starch.
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TABLE A-II 
 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Pure Ground 
White Endosperm (Hard Endosperm) Cooked with Sorghum Brans* 
 
     time               
   (min)        
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Hard endosperm 65.1a 76.2a 77.2c 78c 78c 78c 78c 0.06a 65.1a 78c 
Hard endosperm +tannin bran 64.9a 71.9b 72.8d 72.9d 72.9d 72.9d 72.9d 0.08a 64.9a 72.9d
Hard endosperm+ white bran 72.4b 78a 81b 82b 82b 82b 82b 0.30b 72.4b 82b 
Hard endosperm+ black bran 73.2b 94.3c 99a 100a 100a 100a 100a 0.04c 73.2b 100a 
Hard endosperm+ black with tannin bran
LSD 
54.9c 
0.9 
67.4d
1.8 
70.4e 
1.0 
71.2d 
1.8 
71.2d 
1.8 
71.2d
1.8 
71.2d
1.8 
0.03c 
0.04 
54.9c 
0.9 
71.2d
1.8 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE A-III 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Each Type of 
Pure Ground Sumac Endosperm (Soft Endosperm) Cooked with Sorghum Brans* 
    time        
   (min)        
Porridges  30 60 90 120 150 180 Cinf k RDS SDS 
Soft endosperm 
 62.4c 79.4c 84.7c 86.4c 86.4c 86.4c 86.4c 0.05a 62.4c 86.4c 
Soft endosperm+ tannin bran 
 68.7a 74.3d 74.8d 74.9d 74.9d 74.9d 74.9d 0.08a 68.7a 74.9d
Soft endosperm + white bran 
 76.7d 85b 88b 90b 90b 90b 90b 0.33a 76.7d 90b 
Soft endosperm + black bran 
 65.7b 88.2a 96a 98.6a 98.6a 98.6a 98.6a 0.04a 65.7b 98.6a 
Soft endosperm + black with tannin
 
LSD 
 
45e 
 
1.3 
61.4e 
 
1.1 
67.8e 
 
0.9 
70.5e 
 
1.6 
70.5e 
 
1.6 
70.5e 
 
1.6 
70.5e 
 
1.6 
0.05a
 
0.03 
45e 
 
1.3 
70.5e 
 
1.6 
*Values within each column with different letters are significantly different at P<0.05. 
 
106
 TABLE A-IV 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and 
Calculated C∞ and k Constants for Each Type of Porridges* 
 
      time               
   (m  in  )       
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Hard  endosperm + black with
tannin bran 
54.9c 67.4c 70.4c 71.2c 71.2c 71.2c 71.2c 0.03b 54.9c 71.2c 
Soft endosperm +black with 
tannin bran 45.0d 61.4d 67.8d 70.5c 70.5c 70.5c 70.5c 0.05a 45.0d 70.5c 
Hard endosperm 65.1b 76.2b 77.2b 78.0b 78.0b 78.0b 78.0b 0.06a 65.1b 78.0b
Soft endosperm 
 
LSD 
62.4a 
 
0.9 
79.4a 
 
1.0 
84.7a 
 
0.6 
86.4a 
 
1.5 
86.4a 
 
1.5 
86.4a 
 
1.5 
86.4a 
 
1.5 
0.05a 
 
0.01 
62.4a
 
0.9 
86.4a
 
1.5 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE A-V 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and 
Calculated C∞ and k Constants for Each Type of Porridges* 
 
      time               
   (min)        
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Hard  endosperm + tannin bran
 
64.9b 71.9d 72.8d 72.9d 72.9d 72.9d 72.9d 0.08a 64.9b 72.9d 
Soft endosperm +tannin bran 
 
68.7a 74.3c 74.8c 74.9c 74.9c 74.9c 74.9c 0.08a 68.7a 74.9c 
Hard endosperm 
 
65.1b 76.2b 77.2b 78.0b 78.0b 78.0b 78.0b 0.06a 65.1b 78.0b 
Soft endosperm 
 
LSD 
 
62.4c
 
1.2 
79.4a 
 
0.9 
84.7a 
 
0.8 
86.4a 
 
0.9 
86.4a 
 
0.9 
86.4a 
 
0.9 
86.4a 
 
0.9 
0.05a
 
0.0 
62.4c
 
1.2 
86.4a 
 
0.9 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE A-VI 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and 
Calculated C∞ and k Constants for Each Type of Porridges* 
 
*Values within each column with different letters are significantly different at P<0.05. 
   time        
   (min)        
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Hard  endosperm + black bran 
 
73.2a 94.3a 99a 100a 100a 100a 100a 0.04a 73.2a 100a 
Soft endosperm + black bran 
 
65.7b 88.2b 96b 98.6a 98.6a 98.6a 98.6a 0.04a 65.7b 98.6a 
Hard endosperm 
 
65.1b 76.2d 77.2d 78.0c 78.0c 78.0c 78.0c 0.06a 65.1b 78.0c 
Soft endosperm 
LSD 
62.4c
0.7 
79.4c
1.0 
84.7c 
0.7 
86.4d
1.5 
86.4d 
1.5 
86.4d
1.5 
86.4d
1.5 
0.05a
0.02 
62.4c
0.7 
86.4d
1.5 
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 TABLE A-VII 
 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and 
Calculated C∞ and k Constants for Each Type of Porridges* 
 
      time               
   (min)        
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Hard endosperm + white bran
 
72.4b 78c 81c 82c 82c 82c 82c 0.30b 72.4b 82c 
Soft endosperm + white bran 
 
76.7a 85a 88a 90a 90a 90a 90a 0.33b 76.7a 90a 
Hard endosperm 
 
65.1c 76.2c 77.2d 78d 78d 78d 78d 0.06a 65.1c 78d 
Soft endosperm 
 
LSD 
 
62.4d 
 
2.1 
79.4b 
 
1.9 
84.7b 
 
1.2 
86.4b 
 
1.1 
86.4b 
 
1.1 
86.4b 
 
1.1 
86.4b 
 
1.1 
0.05a 
 
0.03 
62.4d
 
2.1 
86.4b
 
1.1 
*Values within each column with different letters are significantly different at P<0.05. 
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 APPENDIX B 
 
EFFECTS OF SORGHUM Sorghum bicolor (L.) Moench PHENOLICS ON RESISTANT STARCH (RS) and 
STARCH DIGESTIBILITY OF PORRIDGES 
 
TABLE B-I 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Double 
Cooked Corn Starch Porridges* 
 
Time 
  
  
(min) 
       
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Single cooked corn starch 
 
35.9a 58.4a 72.6a 81.5a 81.5a 81.5a 81.5a 0.02a 35.9a 81.5a 
Double cooked corn starch 
 (25 ml water at 1. cooking) 
 
30b 55.4b 69b 78b 78b 78b 78b 0.02a 30b 78b 
Double cooked  corn starch  
 (12 ml water at 1. cooking) 
 
LSD 
 
26c 
 
 
2.0 
55b 
 
 
1.3 
68.3b 
 
 
1.8 
72.6c 
 
 
1.9 
72.6c 
 
 
1.9 
72.6c 
 
 
1.9 
72.6c 
 
 
1.9 
0.02a 
 
 
0.0 
26c 
 
 
2.0 
72.6c 
 
 
1.9 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE B-II 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for double cooked 
ground whole sorghum porridges with distilled water* 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Time 
(min)               
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Whole corn 61.6a 75.0a 78a 78.7a 78.7a 78.7a 78.7a 0.05c 61.6a 78.7a 
Whole white  58.2b 66.0b 67.8b 68.3b 68.3b 68.3b 68.3b 0.07c 58.2b 68.3b 
 Whole high tannin 58.1b 62.7cd 63.2c 63.2c 63.2c 63.2c 63.2c 0.1a 58.1b 63.2c 
Whole black  59.6c 63.7c 64c 64c 64c 64c 64c 0.1b 59.6c 64c 
Whole black with tannin 
LSD 
51.3d 
1.4 
60.9d 
2.5 
62.8c 
2.4 
63.3c 
2.0 
63.3c 
2.0 
63.3c 
2.0 
63.3c 
2.0 
0.06c 
0.02 
51.3d 
1.4 
63.3c 
2.0 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE B-III 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for double cooked 
ground whole sorghum porridges with 70% aqueous  Acetone Sorghum Bran Extracts* 
*Values within each column with different letters are significantly different at P<0.05. 
  
Time
(min)         
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Whole tannin + tannin bran extract 20.8c 28.9d 32.3d 33.8d 33.8d 33.8d 33.8d 0.02b 20.8c 33.8d
Whole black + black bran extract 27.3c 42.1c 49.7c 51.8c 51.8c 51.8c 51.8c 0.08a 27.3c 51.8c 
Whole corn+ corn bran extract 62.0a 77.0a 80a 80.0a 80.0a 80.0a 80.0a 0.05a 62.0a 80.0a
Whole black with tannin + 
black with tannin bran extract 27.0c 40.0c 48.0c 48.0c 48.0c 48.0c 48.0c 0.03a 27.0c 48.0c 
 
Whole white + white bran extract 
 
LSD 
57.0a 
 
8.0 
65.5b
 
8.0 
66.0b
 
8.0 
66.5b 
 
7.7 
66.5b
 
7.7 
66.5b
 
7.7 
66.5b
 
7.7 
0.07a
 
0.03 
57.0a 
 
8.0 
66.5b
 
7.7 
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 TABLE B-IV 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Double 
Cooked Corn Starch Porridges Made with Zein Protein and 70% queous Acetone Sorghum Bran Extracts* 
 
    time        
    (min)        
Porridges 
 30 60 90 120 150 180 Cinf k RDS SDS 
Double cooked corn 
starch 
 
26.0c 55c 68.3b 72.6a 72.6a 72.6a 72.6a 0.02c 26.0c 72.6a 
Corn starch +zein 
 
23.5d 45.3d 55f 60.0d 60.0d 60.0d 60.0d 0.10a 23.5d 60.0d 
Corn starch + zein + 
white bran extract 
 
28.2c 46d 58e 65.0c 65.0c 65.0c 65.0c 0.10a 28.2c 65.0c 
Corn starch + zein + 
tannin bran extract 
 
40.9b 56.1c 63.1d 66.8bc 66.8bc 66.8bc 66.8bc 0.03bc 40.9b 66.8bc 
Corn starch + zein + 
black bran extract 
 
41.8b 58.5b 65.2c 67.9b 67.9b 67.9b 67.9b 0.03bc 41.8b 67.9b 
Corn starch  +zein + 
black with tannin 
extract 
LSD 
 
55.3a 
 
 
2.5 
70a 
 
 
1.9 
73.9a 
 
 
1.9 
74.1a 
 
 
2.1 
74.1a 
 
 
2.1 
74.1a 
 
 
2.1 
74.1a 
 
 
2.1 
0.04b 
 
 
0.01 
55.3a 
 
 
2.5 
74.1a 
 
 
2.1 
*Values within each column with different letters are significantly different at P<0.05. 
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TABLE B-V 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Double  
*Values within each column with different letters are significantly different at P<0.05. 
      
time 
(min)               
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Double cooked corn starch 26c 55b 68.3b 72.6b 72.6b 72.6b 72.6b 0.02b 26.0c 72.6b
Corn starch+ white bran extract 40.1a 60.3a 74.4a 82.3a 82.3a 82.3a 82.3a 0.03b 40.1a 82.3a
Corn starch+ black bran extract  32b 34.7c 35.0c 35.1c 35.1c 35.1c 35.1c 0.8a 32b 35.1c 
Corn starch+ black with 
 tannin bran extract  
30.0b 32.6c 33.7c 33.7c 33.7c 33.7c 33.7c 0.8a 30.0b 33.7c 
Corn starch+ tannin bran extract
LSD  
14.1d
3.3 
14.1d
3.2 
14.1d 
3.2 
14.1d
4.2 
14.1d 
4.2 
14.1d
4.2 
14.1d
4.2 
0.8a 
0.2 
14.1d
3.3 
14.1d
4.2 
 TABLE B-VI 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Double 
Cooked Corn Starch Porridges Made with 70%aqueous Acetone Sorghum Bran Residues* 
 
   time        
   (min)        
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
Corn starch+ tannin bran residue 45.3b 65b 68.0ba 69c 69c 69c 69c 0.02a 45.3b 69c 
Corn starch+ black bran residue 53.8a 66.3a 70.1a 71.4b 71.4b 71.4b 71.4b 0.03a 53.8a 71.4b 
Corn starch+ black with tannin 
 bran residue 45.3b 57.0d 62.0ca 65d 65d 65d 65d 0.05a 45.3b 65d 
Corn starch+ white bran residue 38c 58.7c 70.0a 76.2a 76.2a 76.2a 76.2a 0.02a 38c 76.2a 
Double cooked corn starch 
 
LSD 
26d 
 
1.4 
55.0e 
 
1.2 
68.2b 
 
1.5 
72.6b 
 
1.8 
72.6b 
 
1.8 
72.6b
 
1.8 
72.6b
 
1.8 
0.02a
 
0.02 
26d 
 
1.4 
72.6b 
 
1.8 
*Values within each column with different letters are significantly different at P<0.05. 
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 TABLE B-VII 
Percentage (db) of Starch Hydrolyzed at Different Times (min), and Calculated C∞ and k Constants for Double 
Cooked High Amylose Corn Starch Porridges made with 70% aqueous Acetone Sorghum Bran Extracts* 
 
time 
      (min)               
Porridges 30 60 90 120 150 180 Cinf k RDS SDS 
High amylose corn starch  44a 59a 60a 60a 60a 60a 60a 0.04a 44a 60a 
High amylose corn starch + white bran extract 
 42a 59a 60a 60a 60a 60a 40a 0.08a 42a 60a 
High amylose corn starch + black bran extract 
 22.9b 25.8b 26.2b 26.2b 26.2b 26.2b 26.2b 0.06a 22.9b 26.2b 
High amylose corn starch +black with tannin 
 bran extract 
 
20.1b 22.1b 22.1b 22.1b 22.1b 22.1b 22.1b 0.08a 20.1b 22.1b 
High amylose corn starch +tannin bran extract 
 
LSD 
 
10.6c
 
2.1 
10.6c
 
3.5 
10.6c 
 
3.1 
10.6c
 
4.0 
10.6c
 
4.0 
10.6c
 
4.0 
10.6c
 
4.0 
0.43b
 
0.03 
10.6c
 
4.0 
10.6c 
 
4.0 
*Values within each column with different letters are significantly different at P<0.05. 
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 APPENDIX C 
TABLE C-I 
Pasting Curves of for Double Cooked Corn Starch Porridges Cooked by Rapid Visco-analyzer 
0
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